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Chapter One

Introduction—
Data Systems and Components

The analog-to-digital and digital-to-analog converter are key elements of any
system that uses digital techniques to process or communicate analog “‘real-
world” electmcal data. This book is basically about a/d and d/a converter cir-
cuits: understanding them applymg them, testmg them, choosing them, and
using them in systems.

When used in systems, they are often accompanied by a variety of other de-
vices, both analog and digital, to measure input signals and perform inter-
mediate processing with varying degrees of sophistication.

Depending on how eager the user is to wrestle with the details of electronic
circuitry, converters for data-acquisition may be purchased within a wide va-
riety of forms. They range from sunple integrated-circuit conversion chips to
systems that accept an electrical sensor’s output, provide processing program-
med by the user, and generate appropriate analog or digital output signals to
control physical variables.

This chapter provides a brief thumbnail sketch of elements that tend to be
used in systems with converters and are likely to be found in block dlagrams
in this book. General characteristics and aptitudes are summarized, and their
roles in relation to converters are hinted at w1thm the short discussions de-
voted to each entity.

Analog vs. Digital

As used here, “digital” refers both to electrical signals that represent num-
bers, control logic, and physical variables that can be measured by counting
or identifying discrete states—and to related circuitry. Examples include
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event counts and binary* voltage.

“Analog” has to do with physical variables that are represented or measured
by continuously variable aggregates, and to related circuitry. Temperature
and electric current (as aggregates of molecular and electronic motion) and
measurements of continuous quantities with linear scales (analogs) are exam-
ples of analog quantities.

In this book, by far the greater weight of discussion is given to the properties
of analog circuits, in the performance of system functions. The reason for this
is no mystery: the challenges to the analog circuit designer’s ability are many,
varied, and unrelenting.

The basic promise of analog circuits, in favorable environments, comprises
functional simplicity (inherent parallel operation), high speed, and overall
low cost, as well as the ability to mimic natural phenomena with electrical vari-
ables and parameters. The difficulties in dealing with analog circuits are a nat-
ural function of both the wide dynamic range that accompanies their extreme
fine structure and the many degrees of freedom of interaction associated with
them. In both concept and practice, designers must be concerned that analog
circuits have to labor in the real world, where limits to resolution and accuracy
are directly related to physical environment, electrical interference, signal
magnitude, component tolerances, and the passage of time; and bandwidth
adds one more dimension of complexity, being affected by all of the above.

Digital circuits, on the other hand, in dealing with binary quantities, have
high (but by no means infinite!) noise immunity, no drift, high speed and low
cost (individually); and the rules for using them are few and simple. With dig-
ital techniques, the principal challenges relate to the reduction of overall cost
and complexity. They require ingenuity in pursuing optimal tradeoffs in the
development of system architecture, avoidance of timing errors, the writing
of foolproof software, and avoidance of problems arising from the nature of
electronic parameters and circuitry—which are inherently analog!

Hence, designers of both analog and digital circuits, as well as software, must
always anticipate where Murphy’s Law will strike next and be prepared to
debug when anticipation has failed.

With the exception of preamplification, a great many of the functions pre-
sented here in analog form may be performed digitally, after conversion. The
choice of technology depends on tradeoffs of cost, speed, complexity, and re-
quirements for adjustment and calibration. There has been a rapid increase,
with no sign of a letup, in the the development of devices and subsystems that
are intended to perform analog functions using digital components. Examples
of these include analog function generation with read-only memories (ROM

*“Binary”, in digital technology, has two meanings: fwo-valued (e.g., 1 or 0) and base-2 (number system). The
meaning is usually clear from the context.
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lookup tables) and d/a converters, and the universe of arithmetic, logical, and
control possibilities with microprocessors—including special-purpose wPs
with analog capabilities and digital signal processors.

Figure 1.1 illustrates the relationships of the principal components of a data
system in a ‘“‘global’’ perspective; causality flows clockwise but can loop recur-
sively. As a sampling of entities found in the loop, those elements or problems
to be discussed in this chapter include:

Sensors

Operational Amplifiers
Instrumentation Amplifiers
Isolators

Analog Function Circuits
Analog Multiplexers

Digital Multiplexing
Sample-Hold Circuits
Analog-to-Digital Conversion
Digital-to-Analog Converters
Registers

Microprocessors

Counters

Filters

Comparators

Power Supplies

Digital Panel Instruments

Rarely will a system involve all of the above elements; but most systems will
use many of them—and others, not mentioned here, as well. The shrinkage
in size and cost of components—or increase of the level of system integra-
tion—has made possible the combination of many of these elements into in-
tegral parts of subsystems, in the form of chips, modules, or boards, having
specified performance and even a modicum of intelligence.

THE MOSTIMPORTANT ELEMENT

As Figure 1.1 indicates, there is one additional element that is always present
in a data system but seldom shown on a block diagram: homo sapiens. These
systems are inspired, designed, built, programmed, tested, perfected, and
used by men and women to serve human purposes.

Much attention is given to the many ways in which humans can communicate
with the system, read system data, and provide adjustments and instructions.
These include: visual displays (indicator lights, cathode-ray tubes, light-emit-
ting diodes, liquid crystals, printouts, X-Y plots), sound (computer speech,
tones, beeps, clicks, etc.), keyboards and keypads (with display feedback),
touch screens, mice, joysticks, switches, light pens, speech, and a growing
variety of more-exotic means,
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Figure 1.1 Relationship of functions and causality in a data system.
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SENSORS

One might imagine that the electronic systems designer has very little say in
the choice of sensor, that (s)he accepts whatever data signals exist without pro-
test and gets on with the interface system design without further ado. How-
ever, the systems engineer who can have a say in the selection of the original
transducer can go a long way towards easing the conversion-design task.

For example, in monitoring or controlling mechanical shaft rotation, the de-
signer may be confronted with signals obtained by three radically different
position-sensing approaches: optical shaft encoders, resolvers, and poten-
tiometers, plus variations on all three. For a given task, different sensors with
appropriate speed, accuracy, and reliability specifications will result in great-
ly differing interfaces. ‘

Similarly, temperature measurements may be accomplished with ther-
mocouples, RTDs (resistance temperature-detectors), thermistors, or
semiconductor temperature sensors; while mechanical force may be measured
directly by load cells and strain gages, or obtained indirectly by integrating
the output from accelerometers, or even by counting interference fringes in
an optical system.,

Although it is not our réle to recommend any particular type of transducer
for a particular application, we thoroughly endorse the idea of getting the elec-
tronic systems-design engineer into the act before the signal sources are de-
cided upon, instead of later, when it may be found that the designer is painted
into a corner by the few options allowed.

OPERATIONAL AMPLIFIERS

Even if the transducer signals must simply be converted from current to volt-
age, or scaled up from millivolt levels to an a/d converter’s 5- or 10-volt full-
scale input range, signal conditioning is required.! Because of their low cost,
one or more operational amplifiers in a suitable circuit with appropriate
closed-loop gains and additive constant offsets may be the first (but not neces-
sarily the best) choice. If the system involves many analog sources, a choice
must be made between providing each transducer with its own signal condi-
tioning and a central signal-conditioning facility that can handle a number of
multiplexed inputs.

Besides gain scaling, operational amplifiers are used for a host of mathemati-
cal and signal processing functions: linear and nonlinear, static and dynamic.
Although op amps are cheap, such dedicated devices as instrumentation and
isolation amplifiers are always worthy of consideration in specialized applica-
tions; the design time they save often makes them the most cost-effective
option.

'Considerable useful information about signal conditioning may be found in the Analog Devices Transducer I nterfac-
ing Handbook (1980). Consult the Bibliography for details.
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INSTRUMENTATION AMPLIFIERS

If analog data must be transmitted over long distances (or often, even over
quite short distances), differences in ground potential between signal site and
data center will add spice to the interface system design problem. In order
to separate common-mode interference from the signal to be recorded or pro-
cessed, devices designed for the purpose (for example, instrumentation
amplifiers) may be used.

Instrumentation amplifiers are functionally complete components character-
ized by good common-mode-rejection, high input impedance, low drift, and
adjustable gain. IC types compete favorably with operational-amplifier circuit
kludges in cost, as well as size and performance. Today’s instrumentation
amplifiers are generally monolithic ICs; gains are programmable in some by
external resistors, others contain internal precision resistors and are program-
med by jumpers or software.

ISOLATORS

In the event of high common-mode voltage levels or the need for extremely
low common-mode leakage current, or both (as might be mandatory for many
clinical applications in medical electronics), galvanic isolation is required to
interpose a break in the common-mode path from the analog signal source to
the data system. Isolation amplifiers may involve optical isolation or (more
often) transformer-coupled carrier techniques; they usually have at least
1,000 volts of isolation, and they typically cost more than instrumentation am-
plifiers. Though most often used for isolating input data from system level,
they may also be used for communicating system outputs to destinations at
high common-mode voltage.

When isolation is necessary in the digital world, digital logic signals and volt-
age-to-frequency-converter output pulse trains are usually isolated by solid-
state opto-couplers or fiber optics.

Amplifiers and analog signal conditioners are not the only analog devices that
are isolated. For example, many line-powered digital panel instruments have
isolation between analog inputs and digital output. A typical isolated digital-
to-analog converter isolates digital equipment from its analog output (a 4-to-
20mA current loop) and power supply. Thus, it can protect the analog output
signal by preserving the information stored in its registers during system
maintenance or crashes, as well as permitting manual updating.

ANALOG FUNCTION CIRCUITS

These “‘analog-to-analog” converters are analog computational circuits and
special-purpose devices used to condition analog signals. Where their accu-
racy is adequate, they can simply, at low cost and with high speed, relieve a
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processor of an expensive and time-consuming software and computational
burden.

The membership of this category is open-ended. Some of the more popular
operations performed are multiplication; taking ratios; raising to powers; tak-
ing roots; performing special-purpose nonlinear functions such as linearizing
transducers; performing rms measurements; computing trigonometric func-
tions and vector sums; integrating and differentiating; transforming current
to voltage or voltage to current, etc.

Some of these operations can be purchased in the form of such readily avail-
able devices as multiplier/dividers, log/antilog amplifiers, etc. Others repre-
sent but a sampling of the vast analog parallel number-crunching potential
and program memory inherent in operational-amplifier circuitry, available
to the competent designer at low parts cost, and limited only by human
ingenuity.2

ANALOG MULTIPLEXERS

If data from many signal sources must be processed by the same computer
or communications channel, via a single converter, a multiplexer is usually
introduced to couple the input signals into the a/d converter in some preset
or random sequence. An n-bit logic address input (2" channels) determines
which data source is to be coupled to the converter at any instant.

Multiplexers are also used in reverse, as distributors, or demultiplexers. For
example, when the converter must distribute analog information to many dif-
ferent channels, the multiplexer, fed by a high-speed output d/a converter,
can continually refresh the various output channels with updated informa-
tion; generally, each channel must have analog storage to retain its informa-
tion until the next update.

DIGITAL MULTIPLEXING

Digital systems often can do without a device that is specifically labeled “mul-
tiplexer” for parallel data. Such a device is cumbersome, requiring essentially
a set of multipoint switches, one switch for each wire of the bus (16 multipoint
switches for a 16-bit data bus) and a large number of wires converging on a
single device. Instead, the digital multiplexing function is usually delegated
to the devices being multiplexed, as they share a common input/output bus.
They are connected to it via internal “three-state” switches.

When enabled, the switches connect a parallel set of individual 1’s and 0’s to
the bus; otherwise, the data from the device is in effect disconnected (hence
three states: 1, 0 or disconnected *). Addressed read commands from the pro-

ZConsiderable useful information about analog functional operations can be found in the Nonlinear Circuits Hand-
book. Consult the Bibliography for details.

*Three-state is a bit of a misnomer. Actually, there are two control states, enabled and not-enabled, and two data
siates, 1 and 0. The net resuit is three tangible states: 1,0, and open.
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cessor instruct the individual sources which one (and only one) among them
must feed its burden of data onto the common bus, thence to its destination.

Input registers of all devices receiving data from the bus are connected to the
bus. The device(s) chosen to receive the data appearing on the bus at a given
time are strobed by a write signal, which latches the data into their registers.

SAMPLE/TRACK-HOLD CIRCUITS

In many interface systems, the analog signal varies quite rapidly. Since con-
versions take place at discrete (sampling) intervals, and an a/d converter can-
not digitize the input signal instantaneously, substantial changes of the signal
level during the actual conversion process could result in gross errors. The
problem with the converter is that the conversion is completed at some ap-
preciable (and not always constant) time following the repetitive, accurately
timed conversion command, so that the final digital value would never truly
represent the data level prevailing at the instant at which the conversion com-
mand was transmitted unless the analog signal was frozen at that instant. '

Sample-hold devices make a fast acquisition of the varying signal, on a “‘sam-
ple” command and then—on a ‘‘hold” command—hold the signal constant
at the output for the duration of the conversion process. Sample-hold circuits
may also be used in multi-channel distribution installations, where they ena-
ble each channel to receive and hold its own signal level for activation of differ-
ing output processes. They are also used in “deglitching” to hold an output
voltage steady while a large input transient is occurring during a d/a converter
update, then quickly acquire the new data when the transient has subsided.

Typically, a sample-hold circuit used in data acquisition must acquirea signal
rapidly (usually within microseconds), respond to the hold i instruction within
a fraction of a microsecond, with an uncertainty of a nanosecond or less, and
hold the last value without significant ”droop” for tens of microseconds. Most
sample-holds also function as (and are often called) track-holds, i.e., once the
analog signal is acquired, itis tracked until the hold command is received.

A/D CONVERTERS

These devices, which range from monolithic ICs to high-performance hybrid
circuits, modules, and even boxes (such as digital panel meters), convert ana-
log data—usually voltage—into an equivalent digital form. Key characteris-
tics of a/d converters include absolute and relative accuracy, linearity, no-mis-
sing-codes, resolution, conversion speed, stability, and—of course—price.
Other aspects open to choice include input ranges, digital output codes, inter-
facing techniques, presence of on-board multiplexing, signal conditioning,
and memory.

Although the industry tends to converge upon the successive-approximations
technique for a very large number of system applications, because of its inhe-
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rently excellent compromise between speed and accuracy, other popular alter-
natives include integrating techniques (dual-ramp, quad-slope, and voltage-
to-frequency), counting and tracking techniques (counter-comparator),
and, for video-signal speeds, “flash” and digitally corrected subranging
techniques.

Voltage to-frequency converters can provide high-resolution conversion and
such special features as long-term integration (from seconds to years), digital-
to-frequency conversion, (with a d/a converter), frequency modulation, volt-
age 1solat10n, and arbitrary frequency division or multiplication. Synchro-,
resolver-, and Inductosyn® to digital converters are used where angular or
linear position must be measured precisely and with high resolution, and con-
verted into digital form. :

A technique employed by some microprocessor users, to avoid the need for
purchasing an a/d converter as such, is to use a d/a converter, a comparator,
and the processor’s logic to perform a tracking or successive-approximation
convérsion. While the financial cost is small, the software and program time
burden is substantial.

D/ACONVERTERS

These devices reconstitute the original data after processing, storage, or even
simple digital transmission from one location to another. The basic converter
usually consists of an arrangement of weighted resistance values (or resistive
or capacitive divider ratios), each controlled by a particular level or “signifi-
cance’ of digital input data, that is switched to develop varying output volt-
ages, currents, or gains by selective summation in accordance with the digital
input code.

The output of a d/a converter is proportional to the reference source used. Al-
though most converters for data-handling appl1cat10ns are used with essen-
t1ally fixéd references, thereis a spec1al class of converter, capable of handling
var;able——and even bipolar ac—reference sources. These devices are termed
multiplying DACs, because their output is the product of two variables—the
number represented by the digital input code and the analog reference volt-
age; both may vary from full scale to zero, and even negatively.

Another way of looking at a multiplying DAC is to think of it as a digitally
adjustable gain control. Some even have logarithmic conversion relation-
ships, to permit dlgltal mputs in decibels to control gain in steps having equal
ratios.

For position outputs, the d/a converter may take the form of a digital-to-syn-
chro or digital-to-resolver converter, And if the digital signal is a train of
pulses at a given rate, it can be converted to analog by a frequency-to-voltage

®Trademark of Farrand Controls, Inc.
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conversion circuit, often employing a voltage-to-frequency converter in a
phase-locked loop.

REGISTERS

The digital register is a key component of digital systems. In this book’s con-
text, they are used to to hold information in readiness for passing it along from
converters to computers, from computer buses to d/a converters, etc.

For example, a multi-channel interface system using an a/d converter for
every input channel would store the parallel digitized values in an output re-
gister associated with each converier until called on by the computer to place
the stored value on the common input bus. Conversely, in output multiplex-
ing, a number of d/a converters provide different voltage levels for the inde-
pendent output channels. Each DAC is fed by a storage register, which holds
its digital input word (and the corresponding analog output variable) until the
computer feeds in the new, updating digital value.

Like track-holds, registers may be transparent, allowing input data to appear
continuously at the output until a sirobe signal causes the data to freeze; or,
like sample-holds, they may be opaque, holding the last data byte until the
strobe causes the data currently on the input lines to replace the existing out-
put data,

More than one rank of registers may be used, to make the output data inde-
pendent of changes of data at the input—an especially useful feature for d/a
converters that must acquire from 9 to 16 bits of information from an 8-bit
bus in two bytes. In the first rank, for example, for a 12-bit digital word, an
8-bit byte is acquired, and then a 4-bit byte; then their outputs are strobed
into a 12-bit register to update the DAC simultaneously,

Some converters contain memory registers. Such devices have both analog
(conversion) capability and multiple internal digital registers to permit inde-
pendent update and readout.

Shift registers are used where data is transmitted serially over a single data
channel (e.g., pair of wires) instead of as parallel bits over many wires. Data
may be strobed in in parallel and out in serial, or arrive in serial and be strobed
outin parallel.

DIGITAL DATA PROCESSORS

Converters are used with processors at all levels of system integration. While
the distinctions are not clear-cut, and barriers are tumbling continually as
technologies march ahead, it might be worthwhile to indicate a few general
categories.

At the lowest level are the rudimentary converters found on digital IC chips
designed for direct processing and/or communication of low-resolution analog
signals.
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Microprocessors will be found in games, small computers, instruments, dis-
play terminals, and data acquisition boxes and boards, usually designed for
specific purposes (perhaps slaved to a nearby or distant host computer) and
characterized by ‘““intelligence.”

Microcomputer and minicomputer systems may be designed for host-com-
puter status in systems involving higher levels of capability—large amounts
of memory, complex programs—including multitasking—number-crunch-
ing capacity, and interfacing flexibility. The converters they interface with
may be in instruments, often using such standard media as RS-232 or IEEE-
488 interfaces, or on analog input/output interface cards designed to plug into
the system’s bus configuration.

Mathematical processing of large amounts of data by computers can be
speeded up, with a greatly reduced CPU burden, by the use of coprocessors
or auxiliary specialized number-crunching modules, for example array proces-
sors, which perform such tasks as digital filtering, fast Fourier transforma-
tions (FFT), and convolution. At the heart of these operations are hard-wired
digital multipliers and multiplier-accumulators, which can multiply (for ex-
ample) two 32-bit floating-point numbers at 5-MHz and faster rates.

At the highest level are mainframe computers, which handle very large
amounts of data, perform computations at very high speeds, and perform a
great many independent tasks simultaneously. Their dealings with analog sig-
nals are likely to be at second hand by the downloading of instructions to lesser
entities.

UP-DOWN COUNTERS

These devices, analogous to ramp generators, are quite useful for performing
a variety of tricks with a/d and d/a converters. They are used in forming elec-
tronic servo loops for automatic error correcting, offset adjusting, long-term
sample-holds, time-function generation with ROMs and DAGCs, etc.

In electronic servo applications, the up-down counter accumulates pulses rep-
resenting the variable being controlled, adjusted, or measured, in much the
same way that a servo-motor shaft accumulates rotational angle. The counter
is often used in conjunction with a d/a converter to develop an analog value
proportional to the accumulated count. The process is also used in tracking-
type a/d converters and resolver/synchro-to-digital converters. Counters are
also used for updating multiplexer channels sequentially in response to
pulses.

FILTERS

Low-pass filters are used on the input side of an a/d converter to remove un-
wanted high-frequency components of the input signal. Noise and line-fre-
quency interference can also be attenuated by filtering, but at the expense of
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reduced response to fast input-signal amplitude variations. Filters (electrical
or mechanical) are also used on the analog output from d/a converters, in order
to smooth out the lumps created by discrete digital values. Filtering can be
performed by digital techniques, using appropriate hardware and software,
as well as by a wide range of active, passive, and sampling-type analog filters.

Pre-filtering is an important function, especially in high-speed information-
processing systems, because the sampling frequency must be at least twice the
highest frequency component of the signal input (Nyquist frequency). If
higher frequencies are present, either within the signal or in the accompany-
ing noise on the input channel, they can cause aliasing—intermodulation of
unwanted high-frequency components of the signal (and input noise) with
harmonics of the sampling frequency, to produce spurious signals at surpris-
ingly low frequencies.

COMPARATORS

Analog comparators are important elements of data-acquisition
systems. A high-gain analog comparator makes an elementary choice between
the magnitudes of two inputs and decides which is the greater. This is the
equivalent of a one-bit a/d conversion. Two comparators may form a decision
“window”. The a/d conversion process usually calls for a number of deci-
sions; they may be made sequentially by a single comparator or simultane-
ously by a whole string of comparators, as in “flash” converters. Comparators
may be free-running or latchable.

POWER SUPPLIES

Accuracy of interface systems is steadily rising, to the point where 12-bit reso-
lution is quite routine, and 16-bit resolution is frequently needed for repeata-
bility, resolution, linearity, and accuracy. Consequently, the design of the dc
power system is no longer a trivial matter (it never really was!) since errors
that remain third-order effects at 8-10 bits become menacing first-order ef-
fects at the 16-bit level. In many instances, careful separation of analog and
digital grounds is required, demanding, in turn, considerable isolation be-
tween the various outputs that modern power supplies provide.

As with transducer selection, the priority of power-supply integration should
be raised from the status of an afterthought. Too often, the power supply de-
sign (or choice) is left until last, where it is presumed to be able to take up
all the slack or tolerances that other design stages create. Instead, power
supplies (ac/dc or dc/dc) deserve at least as much initial attention at a compe-
tent engineering level as the selection of converters, amplifiers, sample-holds,
multiplexers, and other devices.

A related question is whether to use power supplies and/or regulators in large,
medium, or small chunks, for major portions of the system, for individual
chassis, or perhaps even for mounting on individual boards. The issues in-
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volve space, cost, circuit independence vs. excessive lead length and wire size,
connector technology, avoidance of ground loops, allowable local dissipation
levels, etc., and must also include the question of interruptibility.

If continued operation despite loss of primary power is essential, either from
considerations of overall system reliability or because of potential loss of data
in volatile memory, the system design should include a determination of what
level of operation or memory retention is necessary in case of an interrup-
tion—and some arrangement for continuity of supply, for detection when
standby power is in use, and for contingency decisions or alarm.

DIGITALPANEL INSTRUMENTS

These devices form a kind of self-contained digital processing system all by
themselves, often comprising not only conversion and display, but also multi-
ple-channel scanned inputs and signal conditioning (an example is the Analog
Devices AD2036 6-Channel Scanning Thermocouple Thermometer). They
can be either “dumb”’ or intelligent and can be used in conjunction with other
digital equipment, since most DPIs have digital outputs available.

At its core, a DPI may be regarded as an (often self-powered) independent
analog-to-digital converter—often including signal conditioning—complete
with case, overrange capability, input protection, visual readout, and digital
output, usually in parallel or multiplexed BCD (binary-coded decimal) for-
mat. Thus, the DPI can be used as a stand-alone converter that interfaces with
both humans and machines.

DEDICATION

As we have already noted, data systems exist to serve human purposes. It is
to all these humans, who design, program, use, play, and work (or are study-
ing to do so) with systems that employ converted analog data, that this book
is fraternally dedicated.






Chapter Two

Data Acquisition

Analog data is acquired in digital form for any or all of the following
destinations:

Storage Processing
Transmission  Display

Digital data may be stored in either raw or processed form; it may be retained
for short, medium, or long periods. It may be transmitted over long distances
(for example, to or from outer space), or short distances (from one part to
another of a microprocessor-based instrument). The data may be printed on
a printer or plotted on an X-Y plotter for a permanent hard copy, or it may
be displayed on a digital panel meter, as part of a cathode-ray-tube presenta-
tion, as speech or other sounds, or in any other form that stimulates human
senses.

Processing can run the gamut from simple comparisons to complicated
mathematical manipulations. One might use it for such purposes as collecting
information, converting data to a useful form, using the data for controlling
a physical process, performing repeated calculations to dig out signals buried
in noise, generating information for displays, simplifying the jobs of
warehouse employees, controlling the color of paint, the thickness of a wrap-
per, maneuvers in a game, the speed of a subway train.

But it all starts with getting the data in digital form, as rapidly, as frequently,
as accurately, as completely, and as cheaply as necessary.

The basic instrumentality for accomplishing this is the analog-to-digital (a/d)
converter (ADC). It can be an IC chip, a shaft digitizer, a DPM with digital
outputs, or a sophisticated high-resolution high-speed device; physically, it
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may take the form of a box, a card, a potted module, or an integrated circuit.
It may be functionally integrated with other elements.

To accommodate the input voltage to the specified conversion relationship,
some form of scaling and offsetting (signal conditioning) may be necessary,
performed with an amplifier/attenuator. To convert analog information from
more than one source, either additional converters or a multiplexer may be
necessary. To increase the rate at which information may be accurately con-
verted, a sample-hold may be desirable. To compress an extra-wide analog
dynamic range, a logarithmic amplifier or conversion relationship may be
found useful. ’

The properties which the data-acquisition system must have depend on both
the properties of the analog data itself and what is to be done with it. This
chapter deals with aspects of signal flow, from sensors through conversion.
Chapters 4 and 6 have to do with integration into systems and instruments,
Chapter 7 deals with the fundamentals of ADCs, Chapter 8 deals with some
of the forms IC ADCs can take, and the Chapters in Part III deal with ADCs
designed for special purposes, such as high-speed (‘“‘video”) applications. A
great deal more information on the nature and handling of analog signals from
transducers in preparation for digital data acquisition can be found i in the
Transducer Interfacing Handbook!.

In this chapter, we shall introduce some of the functional architectures that
have proven useful and popular and discuss some of the considerations invol-
ved in the choice of configuration, components, and other elements of the sys-
tem. Additional information will be found throughout the book.

2.1 THENAND NOW

A quarter-century ago, a/d converters capable of 0.05% performance and
50,000-sample-per-second conversion rates cost about $8000, consumed
about 500 watts, and occupied about one-quarter of a cubic meter.

Today, the completely self-contained monolithic Analog Devices AD573 re-
quires less than 20 microseconds for a 10-bit 0.05% conversion, is available
in quantity at less than 0.2% of the price, and is packaged in a 20-pin plastic
DIP. And it is designed for easy interfacing with the modern microprocessor.

The space formerly occupied by the converter alone will now hold (for a simi-
lar order of dollar investment) a MACSYM 150: a complete multitasking
minicomputer-based data-acquisition system including computer, keyboard,
display, disk drive, converter, and a set of input-output cards.

In the past 25 years, as the above examples show, the processing power and
complexity of data-acquisition and computer hardware have increased radi-

cally, thanks primarily to the semiconductor revolution. Sophisticated soft-
ware and interactive terminals, which make computer techniques accessible

'Sheingold, ed., Transducer Interfacing Handbook (Norwood MA 02062: Analog Deviceés, Inc., 1980)
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even to small children, permit interconnections, switching, and ‘“knob twist-
ing”’ to be performed under remote or programmable control. All of this,
available at prices that were then undreamed of, has brought matters to the
point that digital, rather than analog, “massaging” of information is a matter
of routine, rather than exotic necessity.

What have not changed, however, are the fundamental system problems con-
fronting every digital data-system designer. Of course, it helps to have small,
quiet, low-cost, cool, low-current-drain components. But the designer is still
up against the laws of Mother Nature, who often prefers to keep her secrets
safely obscured by noise, EMI, ground loops, power-line pickup, and trans-
ients induced in signal lines from machinery. Separating the signals from
these obscuring effects, then, becomes a challenge to ingenuity and imagina-
“tion, coupled with a great deal of experience and persistence. Design is not
merely a matter of purchasing fast, high-resolution a/d converters—but hav-
ing them available at realistic cost is an incentive for giving them useful jobs.

2.2 ENVIRONMENT AND COMPLEXITY

Though there are many ways of starting to think about data-acquisition sys-
tems, a highly relevant approach has to do with environment. Some systems
ate intended to operate with modest accuracy in hostile environments (fac-
tories, vehicles, military surroundings, and remote installations); others are
best suited to making high-precision measurements in such (probably ficti-
tious) favorable surroundings as electrically quiet laboratories at room tem-
perature; and yet others may be mixed, acquiririg analog data generated in
hot, noisy environments, processing it in the security of a quiet control room,
and transmitting the resulting digital data through a world rife with
interference.

Environment may give rise to such considerations as:
Analog vs. digital signal transmission
Slgnal accuracy vs. waveform recovery
Isolation vs. direct wiring
Subminiature vs. macroscopic size
Simple vs. complex system architectures
Integrated vs. distributed approaches
Local vs. remote processing
“Hi-rel” vs. “commercial” parts
Choice of power supplies and physical hardware

Hostile environments manifest themselves in combinations of physical,
chemxcal and electrical challenges. Physically hostile environments may
exhibit extremes of temiperature, pressure, accelerationi, humidity, and radia-
tion (both ionizing and non-ionizing). Chemically hostile environments may
involve such corrosive surroundings as salt spray, biological fluids, noxious
atmospheres, dirt, and chemically active fluids and gases. Electrically hostile
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environments may include destructively high voltages and magnetic fields, as
well as dc, ac, and transient interference over the whole spectrum.

In addition to these actively hostile forms of environment are ‘‘passively’’ hos-
tile environments that must be disturbed as little as possible—physically,
chemically, or electrically—by the introduction of data-acquisition equip-
ment. Some environments are both actively and passively hostile.

Typical actively hostile environments might include the wide temperature
range of aircraft engines, shock and vibration in railroad freight cars, mois-
ture and corrosiveness in oceangoing equipment, high radiation levels in the
vicinity of nuclear reactors, and combinations of many of these factors in
geothermal wells. In passively hostile environments, the data-acquisition
equipment (or portions of it) may be required to fit into small physical space, .
not raise the local ambient temperature substantially, not generate excessive
electromagnetic interference, not be made of materials that would interact
chemically with sensitive surroundings, and not use more than a small part
of the power furnished to or generated within its surroundings.

On the other hand, for laboratory-instrument applications, the system
designer’s problems may be related more to the performing of sensitive meas-
urements (usually under favorable conditions, with respect to electrical inter-
ference) than to the gross problems of protecting either equipment or the in-
tegrity of analog data. However, with the increasing use of microprocessors and
the promiscuous use of both analog and digital circuits in precision instruments, free-
dom from electrical interference cannot ever be taken for granted.

Systems existing in hostile environments may require electronic devices capa-
ble of wide-temperature-range operation, excellent shielding, considerable
design effort aimed at eliminating common-mode errors and preserving reso-
lution, early conversion and digital data-transmission (perhaps via optical fib-
ers), redundant paths for critical measurements, and—in some instances—
considerable processing of the digital data to extract the maximum of
information.

Measurements in the laboratory, with narrower temperature ranges and fewer
sources of ambient electrical interference, may be easier to make and com-
municate, but higher accuracies (or resolutions) may require more sensitive
devices, plus a still-considerable degree of effort to preserve appropriate sig-
nal-to-noise ratios.

2.3 KEYFACTORS

Environmental factors aside, the choice of configuration and circuit building
blocks in data acquisition depends on a number of critical considerations,
among them:

Resolution and accuracy
Number of analog channels to be monitored
Sampling rate per channel
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Throughput rate

Signal-conditioning requirements

Intended disposition of converted data

The cost function
Besides the choice of appropriate component performance levels, careful anal-
ysis of the above factors is required to obtain the lowest-cost circuit configura-
tion to obtain the desired overall performance.

Commercially available data-acquisition systems range from basic a/d conver-
ters to multichannel converters on monolithic chips to completely integrated
systems on cards and in boxes, and they even include converters that are func-
tionally inseparable from the digital processor. In later chapters, we will con-
sider the various optional levels of integration available in a single package
or piece of equipment. However, in this chapter, we will treat the functions
peripheral to the a/d converter as though they were embodied by separate compo-
nents, in order to make clear the architectural choices that a designer might
have, with their characteristics, advantages, and disadvantages.

Typical configurations include:

Single-Channel possibilities
Direct conversion
Sample-hold and conversion
Preamplification
Signal-conditioning

Multi-channel possibilities
Multiplexing the outputs of single-channel converters
Multiplexing converter inputs
Multiplexing the outputs of sample-holds
Multiplexing the inputs of sample-holds
Multiplexing low-level data
More than one tier of multiplexers

Some of the more-interesting signal-conditioning options include:
Ratiometric conversion

Wide-dynamic-range options
High-resolution conversion
Range biasing
Automatic gain switching
Logarithmic compression
Logarithmic conversion
Digital correction of analog errors

Noise-reduction options
Filtering
Integrating-type converters
Digital processing
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Finally, in evaluating tradeoffs, there are at least three types of ‘“‘budgets’ that
should be considered: error budget, system time budget, and the relationship
of the ‘“make-or-buy” question to the cost budget at a given level of
integration,

2.4 SINGLE-CHANNEL CONVERSION SUBSYSTEMS

Direct Conversion

Figure 2.1 represents the simplest digitizing system, a lone a/d converter per-
forming free-running repetitive conversions at a rate determined by the time
for a complete conversion. It has power inputs and an analog signal input. Its
outputs are a digital code word—which may include overrange indication—in
parallel, byte-serial, or serial form; polarity information (if the analog input
is bipolar); and a “‘status’ output that indicates when the output digits have
become valid.

A/D
Vin

CONVERTER BUFFER ==

TO COMPUTER OR
COMMUNICATION

(SEE CHANNEL
CHAPTER 4) ™%

RI11E

CONVERT‘Q !STATUS
COMMAND
INTERRUPT
REQUEST

Figure 2.1. Single-channel free-running a/d converter,

Perhaps the best-known converter of this kind is the basic digital panel meter
circuit, which consists of a basic a/d converter and a numerical display. For
many applications, the sole purpose of digitizing is to obtain the display of
the digits, i.e., to house the DPM circuit in a box and use it as a meter rather
than as a system component. The DPM, however, is not necessarily the best
way to digitize a single channel. Its two major shortcomings are: it is slow,
and its BCD digital coding must be changed to binary if its output is to be
processed by binary equipment. When free-running with a system, its output
is strobed in following an Interrupt when the data becomes valid, rather than
by a system interface command.

Converters designed for system applications (including many DPMs) can usu-
ally receive external commands to convert or hold. For dc and low-frequency
signals, the converter is usually a dual-slope type (see Chapter 7), which has
the advantage that it is inherently a low-pass filter, capable of averaging out
high-frequency noise and nulling frequencies harmonically related to its inte-
grating period. (For this reason, the integrating period is usually made equal
to the period of the line frequency, since the major portion of system interfer-
ence usually occurs at that frequency and its harmonics.)
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The “actual” value of input that is converted by an integrating-type converter
is represented by the average over the signal-integration interval. Since that
interval is a fraction (about one-third, but not necessarily constant) of the total
time required for the conversion cycle, what one can say about the value of
the signal and when it occurred is that the digital output represents the most
probable value during a significant portion of the conversion period.

For dc voltages or signals known to have constant values during the conver-
sion interval, even if the changes occur rapidly (as long as they have settled
prior to the start of a conversion), any new value will be converted to specified
resolution and accuracy within the conversion interval.,

For repetitive conversions of continuously changing inputs, however, the
maximum rate at which the input signal can vary and still permit the converter
to resolve 1 least-significant bit (LSB) of binary output, irrespective of the
waveform, is

dV/dt = 2" Vgg/T 2.1

where V is the input, n is the number of bits of binary resolution, Vgg is the
full-scale span, and T is the time between conversions. The maximum rate
of change is thus 1 LSB per conversion period.

IfV = (Vgs/2) sin 27rft, then

dV/dt = (Vgs/2) 2wt cos 2ft (2.2)
and dV/dr .« is equal to the magnitude, (Vgs/2) 2nf. Thus,

2°T = =t (2.3)

and the maximum sine-wave frequency that can be converted with 1-L.SB
resolution is

f = 29/(T) 2.4)

For example, if the conversion rate for a 12-bit binary integrating-type con-
verter is 25 per second (T = 0.04s), f = 0.002Hz, corresponding to 0.12V/s
of a 20-V span. For faster dV/dt’s, changes cannot be resolved to within ILLSB
during a conversion period.

So far, the context has been that of the dual-slope integrating a/d converter,
which spends about 1/3 of its sampling period performing an integration, and
the remainder of the time counting out the average-value-over-the-integrat-
ing-period as a digital number, and resetting to initial conditions for the next
sample. Though slow, the integrating a/d converter can be readily manufac-
tured in integrated-circuit form and is quite useful for measurements of tem-
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perature, battery discharge, and other slowly varying voltages, especially in
the presence of noise.

However, by far the most popular type of converter for system work is the
successive-approximation device (Chapter 7), since it is manufacturable as an
integrated circuit and is capable of high resolution (e.g., 16 bits), high speed
(e.g., lusfor 12-bit conversion), and quite reasonable cost.

The successive-approximation converter, used by itself, has the weakness
that, at higher rates of change, it generates substantial linearity errors because
it cannot tolerate change during the weighing process. The converted value
will be at some value between the extreme values occurring during conver-
sion, and the time uncertainty approaches the magnitude of the conversion
interval. Figure 2.2 illustrates this point. Finally, even if the signal is varying
slowly enough, noise rates-of-change (perhaps introduced by the signal itself)
that are excessively large will cause erroneous readings that cannot be aver-
aged, by either analog or digital means.
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Figure 2.2. Errorof successive-approximation 8-bit converter with changing input dur-
ing conversion. The input is at the same level at the beginning and end of conversion,
butthe output value is about 16 LSBs low.

Since the final converted value occurs at an unknown time during the conver-
sion interval, the time uncertainty corresponds to the conversion interval. In
the example of Figure 2.2, a value equivalent to the output number occurs
twice, at about 1/8 and 5/8 of the conversion interval. For a sinusoidally vary-
ing input, the relationships expressed in equations 2.1 through 2.4 apply. In
the above example, if T, for a successive-approximation converter, is 1.5us
for 12 bits, the maximum allowable frequency for maintaining bit-at-a-time
resolution of a sine wave becomes 52Hz, and the maximum rate of change for
1-L.SB resolution of a 20-V span becomes about 1,600V/s—an improvement
over the integrating converter, but far from sensational.,
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Sample-Hold and Conversion

A converter can be made to operate at considerably greater accuracies at high
speeds with precise timing of samples, irrespective of the time required to
complete a conversion—overcoming the weaknesses mentioned above—by
introducing a sample-hold (or track-hold) between the input signal and the con-
verter’s input (Figure 2.3).* Between conversions, the device may acquire
and track the input signal. Just before a conversion is to take place, it is
switched to hold and remains in that state throughout the conversion.

CONVERT
COMMAND‘ l
S/H
CONTROL
|-
] TO COMPUTER OR
SAMPLE- A/D 3= BUFFER | cOMMUNICATION
HOLD CONVERTER [~ OR BUS | CHANNEL
| o]
| ] |-
=}
ANALOG
PREAMP STATUSL_>_J
TRACKING
Vs IN“SAMPLE"

HOLDING

Ho,s/ s| w s H\ s, H ls‘ﬁ[s
\ T ! ! H
7 S/HOUTPUT

Figure 2.3. Sample-hold in single-channel data acquisition—block diagram and
waveforms.

INPUT

It can be seen that, if the S/H responds instantaneously and accurately, the
converter can accurately convert signals having rates of change of any mag-
nitude, at sampling rates up to the ADC’s maximum conversion rate. In prac-
tical sample-holds, however (Chapter 18), there will be such time-related er-
rors as acquisition time, tracking delay, and aperture time. Typical values of
these parameters for track-holds designed to be used with fast a/d converters
are Sus acquisition time to 0.01%, SOns tracking delay, and 25ns aperture
time, with 0.5ns uncertainty (jitter). If the acquisition time is adequate, and
aperture time and tracking delay: compensate one another, can be nulled by
phase adjustment if necessary, or are unimportant in repetitive sampling as
long as they are consistent, the principal (irreducible) source of time error in
sampled-data systems is the aperture uncertainty.

When a sample/track-hold is used with an a/d converter, the signal is frozen
as of the instant hold is achieved; thus, T in equations (2.1) through (2.4)—the
uncertainty as to when the signal was sampled—represents the aperture un-
certainty (instead of the much longer conversion time). If a track-hold with

*Strictly speaking, a track-hold (T/H) tracks the input until the sampling (‘“hold’*) command is received, then
holds; a sample-hold (S/H) remains in hold until commanded to get a sample (“‘sample”), then quickly returns
to hold. In most cases, the same device can be used in either fashion.
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0.5ns aperture uncertainty is used with the 12-bit, 1.5us converter mentioned
earlier, the maximum-frequency sinusoidal signal that can be converted with
1-LSB resolution is (2712)/(0.5:10" 7) = 155kHz (from 2.4), corresponding
to a maximum rate-of-change of about 9.8V/us. The sample-hold should have
enough bandwidth to deal accurately with the signal amplitude (for stationary
ensembles)—but also with phase for unique events or where phase between
two channels is critical.

Figure 2.4 shows that—in contrast with Figure 2.2—at the end of each con-
version interval, the converter, with a constant input applied by the S/H; will
deliver an accurate digital representation of the input value as it was at the
start of conversion. If the converter is accurate, any errors that are functions
of time will be due to errors of the sample-hold, including the acquisition er-
rors mentioned above, plus droop during the conversion interval, and any
linearity, offset, and transient errors. Band-limited random noise present on
regularly sampled signals, before sampling and conversion, may be suscepti-
ble to digital averaging by the processor.
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Figure 2.4. Same converter and input signal as in Figure 2.2, but with converter pre-
ceded by sample-hold, the chahging input signal is ignored. Converter produces the
correct output as of the instant of ho/d.

Sample, Signal, Noise, and Aliasing In order to avoid errors due to an insuffi-
cient number of samples, the Sampling Theorem tells us that regularly spaced
sampling must occur at least at the Nyquist rate, twice the frequency of the
highest-frequency signal or noise component; that is, either a sufficiently high
sampling rate must be employed or else all components of signals and noise
at frequencies equal to or greater than the Nyquist frequency; i.e., one-half the
sampling rate, must be filtered out before sampling. Since practxcal filters re-
qulre a compromise between attenuation in the pass band and transmission
in the stop band, the sampling rate is often three or more times the filter cutoff
frequency.
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Figure 2.5. Example of aliasing. A sinusoid is sampled (S) at 4/3 of its frequency (f).
The resulting set of samples form an alias at (4/3 — 3/3)f=(1/3)f, i.e., a train of pulses
with amplitude and timing indistinguishable from those associated with a sinusoid
atf/3.

If analog signals at higher frequencies are present; the sampling process will
produce sum and difference frequencies with the sampling frequency and its
harmonics; the difference frequencies, in particular, will produce spurious
low-frequency signals, or aliases—in the signal passband—that cannot be
distinguished from the signal. Figure 2.5 is a simple example illustrating
aliasing.

Since sample-holds usually operate at unity gain*, with errors referred to full
scale (which should be the same as the converter’s full-scale range), scaling
or preamplification should usually occur before the signal is applied to the
sample-hold.

Preamplification (Figure 2.6)

In most cases, converters designed as components are “‘single ended” with
respect to power commont and have normalized input ranges of the order of
5 or 10 volts, single-ended or bipolar. It makes sense to scale signal inputs
up or down to the standard converter input level, to make fullest possible use
of the converter’s available resolution.

Figure 2.6a shows a typical preamplifier configuration. The preamplifier
should have low dynamic output impedance, because the inputs of some types
of a/d converters may have large current pulses, which will load the preamp’s
output and can cause errors. Sometimes these functions are combined with
the converter. For example, in Figure 2.6b, we see a block diagram of

*Some types, however, do permit adjustment of gain and input configuration by a choice of external circuitry,
+Some converter designs and digital panel meters, have differential, and even isolated, floating inputs, and pro-
videsignal gain.
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Figure 2.6. A/D Converter and preamplifier.
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monolithic 8-bit a/d converter with a built-in gain-of-10 differential
preamplifier and jumper-programmable choice of gains and input configura-
tion (see Section 8.6.1). The on-chip preamplifier also buffers the input
source from the conversion process.

Single-channel data-acquisition systems are available that include a pro-
grammable-gain amplifier (PGA)—with gain controlled by switching of resis-
tors, either manually or under software control, plus a sample-hold function
and an a/d converter in a single modular or integrated-circuit package.

If the signals are of reasonable magnitude (already preamplified), and already
exist within a system referenced to a good-quality common “‘ground,” the
scaling may be simply accomplished with operational amplifiers in a single-
ended or differential configuration. As is more generally the case, if the signals
are from outside the system (or subsystem, or board, or neighborhood), or
are quite small, or have an appreciable common-mode component, a differen-
tial instrumentation amplifier may be profitably used, with characteristics
that depend on the gain required, the signal level, the needed CMR,
bandwidth, impedance levels, and cost tradeoffs.

If the input signals must be galvanically isolated from the system, an isolation
amplifier must be used to break all conductive signal paths. Such amplifiers
generally employ optical or magnetic coupling. Isolation is mandated for pro-
tection of patients and subjects in clinical medical-instrument applications;
it is also useful where common-mode spikes are encountered, as well as for
industrial applications requiring intrinsic safety and for applications in which
the signal source is at a high off-ground potential.

Signal Conditioning

This blanket term includes a wide variety of analog-to-analog possibilities.
Many of the functions could also be performed digitally, under program con-
trol, depending on availability of processing capability, tradeoffs of cost,
speed, accuracy, hardware vs. software, level of system integration, and the
designer’s personal orientation.

Signal-conditioning devices are available in a variety of packages and
capabilities to meet the needs of the system designer. For example, in-
strumentation, isolation, and thermocouple amplifiers are available in IC
packages, signal conditioners are available as board- or track-mountable mod-
ules, and whole families of modular signal conditioners for different purposes
are available for mix-match mounting in expandable manifolds that include
power supplies.

Here are some instances of signal conditioning. Scaling of input gains to
match the input signal to the converter’s full-scale span, using op amps or an
instrumentation amplifier, is a simple, obvious example. One might also in-
clude dc offsets to bias odd ranges (for example 2-to-10 volts, derived from
a 4-to-20mA instrumentation current loop via a 500-ohm load resistor) to
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levels more compatible with standard converters. Preamplification has al-
ready been mentioned.

Linearizing of data from thermocouples and bridges can be performed by ana-
log techniques, using either piecewise-linear approximations (generated by
biased-diode circuitry) or smooth series-approximations, using low-cost IC
analog multipliers. It can also be done digitally, after conversion, by perform-
ing the necessary calculations with a microprocessor or by storing the inverse
or complementary function in a read-only-memory (ROM) lookup table.

Analog differentiation can be used to measure continuously the rate at which
the input varies; integration could be used to obtain total dosage from a rate
of flow. Either could be used to produce a 90-degree phase shift; an op amp,
connected as a simple all-pass filter, can be used to provide an arbitrary phase
shift. Sums and differences could be used to reduce the number of data inputs
(analog data reduction).

Analog multipliers canbe used to compute power by squaring voltage or cur-
rent signals, or multiplying them together. RMS-to-dc converters compute
rms directly. Analog dividers of various types could be used to compute ratios
or the logarithms of ratios, or square roots. Devices that compute Y(Z/X)™
can take ratios over wide dynamic ranges and perform analog function fitting.

Comparators can be used to make decisions based on analog levels (e.g., to
convert only when an input exceeds a threshold or is within a “window’”). Op
amps and diodes may be used to perform simple ‘“ideal-diode’’ functions.

And—what seems like getting “something for nothing”—logarithmic circuits
can be used for range compression to permit the conversion of signals having
wide dynamic ranges with converters having considerably less resolution than
would be otherwise required.

Active filters are essential elements to minimize the effects of noise, carrier
frequencies, and unwanted high-frequency components of the input signal.
The increasing interest in filtering is reflected in the growing number of books
and availability of hardware and software devoted to both analog and digital
filter design. Analog filters can be either fixed or digitally programmable,
using d/a converters,

One could go on and on but the basic point should have been made: that in
system design, all data-processing need not be digital. Analog circuits can per-
form remote or local processing or data reduction effectively, reliably, and
economically, and should be considered as alternative ways of reducing soft-
ware complexity, noise, board space, and—quite often—cost. Figures 2.7
through 2.10 show a few examples.?

2 For many more examples, see Sheingold, ed., Nonlinear Circuits Handbook (Norwood MA 02062: Analog De-
vices, Inc., 1974). Many additional examples can also be found in (1).
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Figure 2.7. Instrumentation amplifier provides offset and scaling. Here, the gain is
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Figure 2.10. Using a signal-conditioning module for bridge excitation, preamplifica-
tion, and filtering.

2.5 MULTI-CHANNEL CONVERSION

In multi-channel systems, elements of the acquisition chain may be shared
by two or more input sources. This sharing may occur in various ways, de-
pending on the desired properties of the multiplexed system. Large systems
may combine several different kinds of multiplexing, as well as cascaded tiers
of the same kind. Chapter 4 has more information about multiplexed data ac-
quisition in practice at higher levels of integration, and Chapter 19 has further
information about multiplexers and switches.

Multiplexing the Outputs of Single-Channel Converters

Although the conventional way to digitize data from many analog channels
is to introduce the time-sharing process at the analog portion of the system
by multiplexing the input of a single a/d converter among the various analog
sources, in sequence, an alternative parallel conversion process is becoming
increasingly practicable. Cost of a/d converters has dropped radically in re-
cent years, and it is now possible to assemble a multi-channel conversion sys-
tem, with the seeming extravagance of one converter for every analog source,
yet considerably improved performance at reasonable cost (Figure 2.11).

This parallel conversion approach has its advantages. First, a desired overall
digital throughput rate can be had with slower converters; alternatively, the
converter-per-channel may run at top speed, providing a much greater flow
of data into the digital interface. For a modest data rate, however, with more
channels (and fewer conversions per channel), it may be possible for sample-
holds to be eliminated, at a cost saving. Fewer conversions might also mean
that a slower converter could be used, generally resulting in even further cost
savings, especially since some channels may not require high resolution.
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The bus structures used by systems employing microprocessors encourage
the use of digital multiplexing, with all devices connected to the bus via 3-state
switches, enabled selectively by ““chip select’ logic signals from decoders and
read/write control signals (write to initiate conversions, read to obtain the re-
sults). The converter’s status line can provide interrupt signals indicating
“‘conversion complete—data is ready”’.

The parallel-conversion approach provides 4 further advantage when applied
to industrial data-acquisition systems, where strain gages, thermocouples,
thermistots, etc., are strung out over a large geographical area. In essence,
by digitizing the analog signals right at their source and transmitting serial
digital data, rather than the original low-level analog signals (Figure 2.11b),
a considerable immunity to line-frequency (50-60-400Hz) pickup and
ground-loop interference is achieved. Among other factors, the digital signals
can be coupled optically or even transmitted via fiber-optic links for complete
electrical isolation and total indifference to electrical interference,

A multichannel array of voltage-to-frequency (v/f) converters is an interesting
way of transmitting data generated by slowly varying signals, with dynamic
ranges of up to 10°—and requiring accuracies to within 0.01%. The outputs
are TTL pulse trains, which may be easily isolated optically. The output of
each VFC, in turn, is counted and read. As Figure 2.11c¢ shows, the computer
controls the multiplexer and acts as a time base for the counter.

Not least, among the subtle benefits of digitizing sensor signals at their
source, is the ability to perform logical operations on the digitized data before
it is fed into the computer. In this way, for example, mainframe involvement
with data is streamlined and redundancies are minimized. More specifically,
remote processing makes it possible, for example, to access data from slowly
varying thermocouple sensors less frequently, while reading in data from rap-
idly changing critical sources at enhanced speed. In fact, the versatility of a
digital subsystem may be exploited to make its own decision as to when a par-
ticular data channel should be brought to the attention of the computer by
means of Interrupts. If certain signal sources remain constant or within a nar-
row range for long periods, then change rapidly later in the process, it is possi-
ble to ignore these data until the changes occur. (A local microcomputer can
store the stationary values and make the decisions.)

In sum, a great deal of flexibility and versatility is gained by changing the in-
terface process from analog multiplexing to digital multiplexing. Logic deci-
sion circuits or local microprocessors can exercise judgement on when and
what data to feed the host computer and, in general, can give the overall inter-
face a much larger measure of autonomy than is possible with an entirely ana-
log conversion system. (Systems involving analog multiplexing have a Catch
22: The computer cannot make decisions about the data submitted by an ana-
log multiplexing system until it has received the data upon which to base its
judgements... this means that the data have been converted and interfaced
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before the computer can decide thata particular piece of information is redun-
dant. And there is no guarantee that it will be redundant on the next pass.)

Finally it should be noted that if, for example, the data is being transmitted
from a lunar vehicle to Earth, the channel is quite crowded, and the sort of
redundancy-reduction data compression described above is absolutely essential
to make sure that the items of data that get through are those having the high-
est priorities, by virtue of containing intelligence rather than redundant
information.?

For each channel of the digitally multiplexed system, there could be the chain
described earlier: preamplifier, signal conditioning, sample-hold, converter.
It is also possible that, for one or more of the channels, there are a number
of multiplexed subchannels, especially if they are carrying similar
information.

Examples of Multiplexed Converter Inputs

In some scanning-type panel meters (such as the AD2037), the input channels
undergo multiplexing, followed by signal conditioning and a conversion, in
which the analog input circuitry is isolated from the digital logic circuits.

An unusual single-chip integrated-circuit data-acquisition system, the 8-bit
AD7581 (Figure 2.12), multiplexes and converts 8 channels of analog data in
sequence continuously, and stores the most recent value of each channel in
a separate memory register, where it may be addressed and accessed via a
microprocessor data bus atany time.
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Figure 2,12, Block diagram of 8-channel 8-bit memory ADC.

3 “New approaches to Data-Acquisition System Design,” by T. O. Anderson, Analog Dialogue 5-1,1971
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Figure 2.13. Multiplexed system with simultaneous sampling, sequenced conversion.

Multiplexing the Outputs of Sample-Holds

Working back from the interface (with a minimum number of shared ele-
ments, except for the bus) towards the more conventional situation, in which
the number of shared elements is maximized, we consider the intermediate
case of a shared a/d converter, with a multiplexer at its input, switching among
the outputs of a number of sample-holds (Figure 2.13). This configuration
is found where sample-holds are updated rapidly, perhaps even simultane-
ously, or at critical instants for individual inputs, then read out in some se-
quence. Itis generally a high-speed system, in which all items of data delineat-
ing the state of the system must do so for the same given instant. Multiplexing
may be done sequentially or, when required, by random addressing. The sam-
ple-holds must have sufficient freedom from droop to avoid accumulating ex-
cessive error while awaiting readout, which period may be considerably
longer than in the case of the converter-per-channel. Increased throughput
rate could be obtained by using additional converters, with fewer multiplex
switch points and faster update rate.

Applications that might require this approach include wind-tunnel measure-
ments, seismographic experimentation, or in testing complex radar or fire-
control systems. Often, the event is a one-shot phenomenon, and the informa-
tion is required in the neighborhood of a critical point during the one-shot
event ... such as, for example, when a supersonic air blast hits the scale model.

Multiplexing the Inputs of Sample-Holds

The next step towards increased sharing is to share the sample-hold, as well
as the a/d converter. Such subsystems may also include a programmable-gain
amplifier for gain ranging (see Figure 2.17). Figure 2.14 shows a basic system
embodying this idea, and a block diagram of an early form of device, with
wire-programmed range. For most-efficient use of time, the multiplexer is
seeking the next channel to be converted, while the sample-hold, in hold, is
having its output converted. When conversion is complete, the status signal
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from the converter causes the S/H to return to sample (track) and acquire the
next channel. Then, after the acquisition is completed—either immediately,
or upon command—the sample-hold is switched to hold, a conversion begins,
and the multiplex switch moves on.

This system is slower overall than the previous example, and the multiplexer
could equally well be switching sequentially or in a random-access mode. For
some older systems, a manual mode, for checkout, may also have been used
(self-checking and keyboard random access are more typical nowadays). The
random-access mode permits channels with more information, i.e., changes
per unit time, to be accessed more frequently.
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a. Data-acquisition system—basic architecture. The ADC, SHA, and even the PGA (if
used) may be combined in one module or IC package to form a single-channel data-ac-
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Figure 2.14. Conventional data-acquisition subsystem.
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Multiplexing and Signal-Conditioning Low-Level Data

The idea here is that, in addition to sharing of the converter and the sample-
hold, expensive signal-conditioning capacity must be conserved. Great strides
have been made in recent years in developing effective all-solid-state
approaches, supplanting the straightforward ‘brute-force” approach
(Figure 2.15a).
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a. Conventional low-level multiplex circuit, showing switched guard. In some sys-
tems, two channels are reserved for zero and reference voltage. They are sampled
periodically to permit software correction of amplifier offsets and gain errors.
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d. Arack-mounting 16-channel signal-conditioning subsystem.

Figure 2.15. Low-level data acquisition.

This has classically been a difficult function to perform. First, the circuitry
must be capable of resolving millivolt-level voltages in the presence of large
common-mode voltages, with low drift and nonlinearity. The common-mode
voltage may be present on the signal’s “ground” or it could be induced in the
input leads inside a conduit in the vicinity of high-power mains. The signal
itself may be afflicted with normal-mode noise.

Safety is a paramount consideration in many of the applications where this
kind of circuitry is employed. The input circuitry must be able to withstand
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high common-mode voltages without damage, and without exposing the con-
version circuitry to high voltage. By the same token, the inputs must be able
to withstand the accidental connection of line voltage across any pair of input
terminals without mishap to the signal-conditioning circuitry. If the input
should be open-circuited, due to the failure of a sensor, it would be helpful if
an appropriate indication were given, since false information can cause safety
problems.

It should be possible to handle signal diversity without introducing complex-
ity, whether the signals are millivolt signals from different thermocouples re-
quiring different scale factors or mixtures of millivolt signals from strain gages
and volt-level signals from potentiometers and current-transmitter loops.
These conditions are—and have been—difficult to meet at reasonable cost.

Perhaps the most successful approaches are those exemplified by “flying
capacitors’ and circuits combining solid-state isolation and switching. A fly-
ing-capacitor multiplexer is illustrated in Figure 2.15b. Here, capacitors, are
switched—generally by relays—between the signal sources and the system
input bus; this provides isolation and multiplexing, as well as sample-hold,
but it is not easily adaptable to individual gain adjustment. While not neces-
sarily costly in terms of parts, the actual circuit construction requires great
care, resulting in a custom installation at high overall cost, with a substantial
software overhead for the calibration of individual channels. It is also poten-
tially noisy, and common-mode range is limited by the voltage ratings of the
capacitors and switch contacts; speed and life are limited.

An all-solid-state approach, as typically embodied by the Analog Devices
Model 2B54 (Figure 2.15¢), combines—in a single compact module—trans-
former-coupled isolation (+ 1000V peak max) for each input, differential
input protection (130V rms @ 60Hz), signal conditioning, and multiplexing
for four channels of millivolt-level input (e.g., from thermocouples). An ex-
pansion output provides for the multiplexing of additional groups of four
channels without the addition of external analog switches. Channels can be scan-
ned at a rate of up to 400 per second, minimum. Accessories are available for
connecting sensor inputs directly to screw terminals.

For large numbers of channels having diverse input requirements, input and
signal protection, direct connection to field wiring, and standard output for-
mats (both voltage and 4-20-mA current-loop), subsystems are available con-
sisting of powered manifolds of various sizes with assortments of plug-in mod-
ules (one per channel) that perform specific signal-conditioning functions.
The Analog Devices 3B series (Figure 2.15d) is a typical example of such a
system.

2.6 SIGNAL-CONDITIONING TOPICS

Discussed here are a few topics that keep coming up in connection with data-
acquisition systems,
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Ratiometric Conversion

Some a/d converters have a ratiometric, or external reference, connection, al-
lowing the output digital number to represent the ratio of the input to an arbi-
trary (within specified limits) reference input. In effect, the device becomes
an analog divider with digital readout.

Devices of this sort are useful in making precision measurements that ignore
variation of a reference used in the measurement. For example, Figure 2.16
shows how a resistance ratio, which might represent a pressure, can be meas-
ured—independently of variations of the applied Voltage-—-by applying the
same voltage to the reference input of the converter.

REF
INPUT

Vae 0—<%

SH e = ORBUS

DIGITAL NUMBER
NIS PROPORTIONAL
TOa ONLY,
INDEPENDENTLY

Vo

Figure 2.16. Measuring a resistance ratio, independently of the applied voltage—a
ratiometric measurement. If common-mode rejection is necessary, the amplifier could
be an instrumentation type (or a signal conditioner) instead of a simple single-ended
unity-gain follower.

In a multiplexed system, where measurements may be taken from a number
of similar devices with a common supply, for example, strain-gage bridges,
the common bridge supply may be used as the converter’s reference to elimi-
nate normal-mode gain error caused by supply-voltage (or converter refer-
ence)variation,

Wide Dynamic Ranges (see also Chapter 17)

The need for wide-dynamic-range signal conditioning in a single channel may
occur in two basic ways: Either it is necessary to resolve a voltage anywhere
in the range to a high degree of accuracy, relative to full scale (for example
in the measurement of position in a followup system); or it is sufficient to
measure a quantity having a wide range of variation to modest accuracy, rela-
tive to actual value (for example, to within 1%, over a 10,000:1 range).

For signals in the first category, a high-resolution-and-linearity converter is
the simplest answer.

To maintain wide dynamic range for small signals, it is feasible to use amoder-
ate-resolution converter (say 12 bits), preceded by a software-programmable-
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gain amplifier, i.e., an amplifier with high-accuracy switched gain controlled
from the digital interface. Software-programmable-gain amplifiers are avail-
able in several forms: They can be found in data-acquisition subsystems (Fig-
ure 2.17); purchased as complete modules or hybrids; and assembled from
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Figure 2.17. 1-2-4-8 programmable-gain amplifier extends converter dynamic range.
Data-acquisition portion of the RT{-732 MULTIBUS-compatible analog I/0 subsystem.

high-performance instrumentation amplifiers with external resistors and
CMOS switches (Figure 2.18).

In one form of operation, a trial conversion is performed at the lowest gain;
if the MSB is 0, the gain is doubled and another conversion is performed; if
the MSB is still 0, the gain is doubled again, etc., until either the MSB is
turned on or the top of the gain range is reached. Each doubling represents
an additional bit of resolution for small signals. The scheme shown in Figure
2.17 is employed in a MULTIBUS-compatible analog I/O subsystem (see
Chapter 4), for up to 15 bits of dynamic range and 12-bit resolution and accu-
racy. :

Yet another possibility, when seeking accurate measurements of small varia-
tions about a fixed value of voltage, is to take the difference between the input
and an accurately set voltage equal to the nominal fixed value. If the voltage
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Figure 2.18. Software-programmable-gain amplifier.

is applied via a high-resolution DAC (Figure 2.19), the interface can keep
track, digitally, of both the initial value and the difference voltage, using an
ADC of relatively modest performance. (The tradeoff here is the cost of a
high-resolution DAC, plus logic and a modest 8-, 10-, or 12-bit DAC, vs. a
16-bit ADC.) This configuration also forms the basis of an excellent ADC test
scheme (see Chapter 10).

Another approach to handling wide dynamic ranges with converters having
limited resolution is to compress the data through the use of logarithmic tech-
niques, in the form of either logarithmic converters or logarithmic processing
of the analog signal (Figure 2.20). Logarithmic converters will be discussed
in Chapter 16. '
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Figure 2.19. Use of a high-resolution DAC to measure small deviations about a pre-
cisely determined value. :
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The error of a logarithmic amplifier, after calibration, is a log conformity error
(nonlinearity on a semilog plot), specified in terms of a maximum value at the
output, or a maximum ratio to actual input over a specified range. For exam-
ple, 1% log conformity error means that the error at the output, for 2V/decade
scaling,* is 8.6mV, corresponding to an input uncertainty of + 1%. Typical
input voltage range (e.g., for Analog Devices Model 755) is ImV to 10V. The
corresponding output voltage range is =4V (i.e., =2 decades at 2 volts per
decade, with respect toa0.1-V reference level).

Since an error of 1%, referred to the 1-mV minimum input signal, is 1/10°
of full-scale input, and since the corresponding output error of 8.6mV is
0.0086/8 = 1.075 x 1073 of the output swing, the dynamic range of the signal
has been compressed by a factor of 1,000, as a result of the logarithmic trans-
formation. This means that a 12-bit converter (with suitable scaling) can be
used to dlgmze the log-amplifier output, with a quite comfortable error
margin,

Though it might appear that the representation of data having an inherent 20
bits of resolution (10® = 2%%) by a signal having 12 bits of resolution is getting
“something for nothing,” in violation of some Natural Law, the scheme really
works. There are, however, some points to consider:

1. Compression is achieved by exponentially distorting the relative value of
the least-significant bit. Thus, for a 10,000:1 signal range, represented by
+4-V output, an LSB (of 12 bits, offset binary, suitably scaled) is worth about
23mV at 10V inpuit (i.e., 0.1[exp;o (2 — 8/8192)] — 10V and 2.3V for 1mV
input. Therefore, while the approach is quite useful for compressing data re-
quiring essentially constant fractional error (e.g., 1%) anywhere in a wide
range, it is not at all suited to applications requiring high resolution (e.g.,
0.01%FSR) at any point in the range.

2. Since the digital number is a logarithmic representation of the analog input
signal, it must be dealt with as such in the digital process. If the number is
to be used in computation, it should be antilogged, using either a lookup table
or processor computing capacity—unless, of course, the computation is facili-
tated by the availability of a logarithmic relationship. If the data is to be stored
or transmitted, and eventually returned to analog form unaltered, it does not
require any further digital transformation, just an analog antilog operation
following the output d/a conversion (unless logarithmic analog data is
desirable).

3. Since a logarithmic function is inherently unipolar (the logarithm is real
only for positive values of the argument—positive signals require a 755N,
negative signals a 755P), it is far from ideal for signals that are inherently zero-
centered. While it may be useful to bias some types of input signals into a
single polarity, functions that demand symmetrical treatment may be badly

*A decadeisa 10:1 range of input voltage or current.
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distorted by the wide variation, in both resolution and speed, between zero
and full-scale input. Such functions would profit by a type of compression
that is symmetrical about zero. An example of an easily obtained form is a
sinh™! function (Figure 2.20), which involves two complementary antilog
transconductors (752P and 752N) in the feedback path of an op amp. The re-
sulting function is logarithmic for larger values of input, but it passes through
zero, essentially linearly (and slowly).
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Noise Reduction

Like diseases, noise is never eliminated, just prevented, cured, or endured,
depending on its seriousness and the costs/difficulty of treating it.

Analog noise in data-acquisition systems takes three basic forms: transmitted
noise, inherent in the received signal, device notse, generated within the de-
vices used in data acquisition (preamps, converters, etc.), and induced noise,
“picked up” from the outside world, power supplies, logic, or other analog
channels, by magnetic, electrostatic, or galvanic coupling.

Noise is either random or coherent (i.e., related to some noise-inducing
phenomenon within or outside of the system). Random noise is usually gener-
ated within components, such as resistors, semiconductor junctions, or trans-
former cores, while coherent noise is either locally generated by processes,
such as modulation/demodulation (e.g., chopper-stabilization), or coupled-
in. Coherent noise often takes the form of ““spikes”’, although it may be of any
shape, including—collectively from many sources—pseudorandom.*

In systems involving the conversion of analog signals, the finite resolution of
the conversion process introduces ‘“‘quantization noise,” which may be
thought of as either a truncation (or roundoff) error, or as a noise, depending
on the context. See also Chapter 17.

Noise is characterized in terms of either root-mean-square (rms) or peak-to-peak
measurements, within a stated bandwidth.* Random noise from a given
source, within a given bandwidth, will give consistent rms measurements. For
atypical gaussian amplitude distribution, and a sufficient number of measure-
ments, one may expect a consistent relationship between the probabilities of
obtaining peaks of a given size in relation to the rms, as shown in the Tables
in Figure 2.21.

RMS values of noise from uncorrelated sources (e.g., from different devices,
or from different portions of the frequency spectrum of the same device) add
as the square-root of the sum-of-the-squares, and if the largest is more than
3 times as large as any other, the others may usually be safely ignored. How-
ever, if noise is dominated by picked-up spikes, root-sum-of-squares is of
small comfort.

As we have indicated at the beginning of the chapter, there are ordinarily two
basic forms of system-design problem: those involving essentially ordinary
signal levels in unfavorable environments, and those involving extremely
high-resolution measurements in favorable environments. (However, our
readers should be aware that Murphy’s Law would imply that their system
design problems tend mostly to involve high resolution measurements in un-
favorable environments.)

*For further references to noise, see the Bibliography.
*“Understanding Interference-Type Noise,” Analog Dialogue 16-3 (1982), pp. 16-19.
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Figure 2.21. RMS vs. peak-to-peak amplitudes for gaussian noise.

For unfavorable environments, where the major sources of noise are induced
noise, the designer must rely on early preamplification and conversion, isola-
tion, shielding and guarding, signal compression and filtering, and—where
possible—an information rate (via digital filtering, fast sampling or parallel
paths) that has enough redundancy to allow the digital processor to retrieve
data via digital filtering, correlation, and summation (see Chapters 6 and 21).

In favorable environments, where the measurement process and the proc-
essing hardware introduce the major portion of the uncertainty, the emphasis
must be placed on measurement techniques, filtering, choice of data-acquisi-
tion hardware for best resolution, and—again—the use of high-speed digital
processing for signal retrieval plus “intelligent’’ measurement techniques in-
cluding automatic drift compensation and scale-factor adjustment.

Where noise is likely to have large spikes as a major component, the integrat-
ing-type converter usually provides additional filtering. For random noise, if
there are sufficient samples taken of a given signal channel, the statistical
properties of the noise are imparted to the digital output, which may be fil-
tered by digital techniques.






Chapter Three

Data Distribution

After analog data have been converted to digital form and have been duly
stored, transmitted, or processed, the results of this handling, as well as some
newly created digital numbers, may be required once again to intervene in the
“real world” of phenomena. In analog or digital form, they may be used to
drive meters or motors, display information, stimulate devices under test,
generate heat, light, or sound, modulate waveforms, sound the alarm, adjust
an audio gain, or—in short—to manipulate energy according to a digital code.

The digital output words are made available fleetingly on an output bus—or
for longer periods, at an output register—for distribution to their destina-
tions. While an increasing number of real-world devices, such as numerical
displays, stepping motors, printers, and the like, are operated more or less
directly by digital numbers (perhaps with “decoding,” but without the overt
interposition of electronic analog variables), there is a widespread—and grow-
ing—use of electronic d/a converters in the redeployment of digital data in an-
alog form. This chapter treats of systems that use d/a converters.

As with a/d conversion, but reversing the order, the basic objective is to get
the data into the appropriate analog form, as rapidly, as frequently, as accu-
rately, as completely, and as cheaply as necessary.

The basic instrumentality for accomplishing this is the dxgltal to-analog (d/a)
converter (DAC). In response to a digital code, it may be used either to pro-
vide a voltage or current output (fixed-reference DAC), or to adjust the gain
of an analog circuit (multiplying DAC). It can be a simple device on an IC
chip, or a sophisticated high-resolution high-speed device with many “‘bells
and whistles;” physically, it may take the form of a box, a card, a potted mod-
ule, an integrated circuit—or even a portion of an integrated circuit. It may
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be functionally integrated with other system elements to form a subsystem.

To accommodate the analog output to the specified conversion relationship,
some form of scaling and offsetting (signal conditioning) and energy transla-
tion (e.g., current-to-voltage) may be necessary, performed with amplifiers.
To furnish analog information to more than one destination, either additional
converters or a multiplexer and sample-holds may be necessary. To encom-
pass an extra-wide analog dynamic range, an exponential amplifier or conver-
sion relationship may be found useful. (

The nature of the data-distribution system depends on the properties of both
the digital and analog data, and what is to be done with it. This chapter deals
with aspects of signal flow, from the digital data source through conversion.
Chapters 4 and 6 have to do with integration into systems and instruments,
Chapter 7 deals with the fundamentals of DACs, Chapter 8 deals with some
of the forms IC DACs can take, Chapter 13 deals with DACs designed specif-
ically for high-speed (“‘video”) applications, Chapter 16 considers (intention-
ally) nonlinear DACs, and Chapter 17 discusses high-resolution converters.
Commercially available data-distribution systems range from basic d/a con-
verters to multi-channel converters on monolithic chips to completely inte-
grated systems on cards and in boxes, and even include converters that are
functionally inseparable from the digital processor. In later chapters, we will
consider the various optional levels of integration available in a single package
or piece of equipment. However, in this chapter, we will generally treat most
of the functions peripheral to the d/a converter as though they were embodied
by separate components, in order to make clear the architectural choices that
a designer might have, with their characteristics, advantages, and
disadvantages. ’

3.1 FACTORS AFFECTING DISTRIBUTION-SYSTEM
DESIGN

The configuration, choice of components and their specifications, the system
timing, and location of multiplexing, depend, as with data acquisition, on

Number of channels

Update window per channel
Update rate

Bus width and word length
Output resolution

Output linearity and accuracy
Settling time per channel

The nature of the loads

The cost function ‘

There are a number of additional areas for decision by the system designer:

Digital signal source: Parallel bus? port? register? serial data—bit-serial,
byte-serial, ASCII? '
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Signal storage between or during updates: External or internal registers?
Single-rank, dual-rank, n-rank? Analog storage (sample-holds, inertia)?

Mitlti'pléxing: pP bus? Digital switching? Multi-channel DACs? Analog
multiplexing (sample-holds or multiplex switches)?

Update: Simultaneous? Sequential? Random?

Conversion: Near digital source or remotely? Many DACs—or few DACs
with multiplexing?

Analog Output: Voltage, current, or gain? Discrete values or smoothed?
Permissible level of switching transients, use of deglitching? Direct-wired or
galvanically isolated circuitry?

 Cost tradeoffs: Minimizing use of expensive components. Sample-holds vs.
multiplexers vs. DACs. Inertial filtering. Using low-precision incremental
“slave” DACs for accurate settings.

3.2 DIGITAL SIGNAL SOURCE

The basic d/a coriverter accepts parallel digital data at its input and continu-
ously provides a representative analog output, usually based on a binary re-
lationship. As soon as the digital code changes, the analog output seeks to fol-
low it and—after a transient interval, of variable turbulence—comes to rest
atthe new value, within a period ranging from nanoseconds to microseconds.

Since there is a continuous input-output relationship, if a basic DAC must
maintain a constant output after updating, it must be fed a continuous digital
input. However, unless the DAC is wired so that its inputs are totally dedi-
cated to a unique flow of information (for example, from a counter, as in Fig-
ure 3.1, or from a dedicated computer output port), it must get its inputs from
a source which is rapidly changing and at the same time servicing other I/O
(input/output)—or even internal—elements in the system.

UP DOWN CLEAR vV,
out

CLOGK OR - _BIT COUNTER 1“11‘ -
PULSE SOURCE 8BIT C N
t

(V]SRN SR

DOWN————___ ...
D/A CONVERTER
VOUT

Figure 3.1. Converter output is a continuous analog representation of the counter’s
digital output (simplified block diagram).

3.3 REGISTERS

The d/a converter’s input, therefore, almost always comes from a register,
which is latched upon command (‘“‘clock” or “strobe’) to preserve a fixed
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Figure 3.2. Basic d/a converter is buffered by a register. When it is latched, the output
voltage is unaffected by the data onthe bus.

digital code (Figure 3.2). For a single-stage latch, the output will follow the

input while the control signal is in one state (transparent) and become latched

when it changes state; for a two-stage latch, the output ignores the new value

of input that is being acquired until it is latched in when the control signal

returns to the inert state. The register may be external to the DAC chip (or

package) but is often contained within it.
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Figure 3.3. Interfacing an 8-bit DAC to a microcomputer bus.
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The register is controlled by one or more latching signals. In microprocessor
systems, the conjunction of a decoded addressing ‘““chip select” and an en-
abling “write’’ command—within the window of time that valid data is on the
data bus—will cause that data to be latched. Figure 3.3 shows a typical latch-
ing scheme used for a completely self-contained voltage-output monolithic 8-
bit DAC having a self-contained register. The block diagram of the DAC is
shown in (a), typical connections in (b), and the interface to a 6800 micropro-
cessorin(c).

The chip select input goes low when the clock ($2) goes high, VMA (Valid
Memory Address) goes high, and the address decoder selects the device in
question by going high; the chip enable input goes low when R/W goes low
to indicate that data is to be written to the device. When both are low, the
DAC’s register is “transparent” and open to updating by the data on the bus;
as soon as either returns high, the data is latched. After one or two microsec-
onds, the analog output has settled toits new value.

3.4 MULTIPLE RANKS

More than one rank of registers may be employed, in a manner determined
by the way the data is arriving from the signal source. For example, if the data
is placed on the bus at the convenience of the processor, but it is not yet time
to update the DAC, the data may be latched by the first rank. It will be loaded
into the DAC register (second rank), when the time arrives to update the
DAGC, either synchronously, as determined by the processor, or by some other
(asynchronous) entity.

If all the data does not arrive simultaneously in parallel, two or more stages
of latching may be required to prevent false data from appearing at the analog
output. Figures 3.4 through 3.6 show examples of situations calling for more
than one stage of latching.

SHIFT-REGISTER
CONTROL INPUTS

SERIAL *++
B~ [T TTTTTTTTT] o
FERERITRENY

DAC REGISTER

EL R e

12-BIT D/A CONVERTER Vour

[~=— LOAD
CLEAR

L

w
@

Figure 3.4. 12-bit DAC with serial input. Data is clocked into the shift register in serial
(old data latched in DAC register), loaded into the DAC register in paralle! at will.

!See “Putting the AD558 DACPORT™™ on the Bus,” by D. Grant. Analog Dialogue 14-2, 1980, pages 16-17.
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In Figure 3.4, 12-bit data arrives—MSB first—at the serial input (SRI) of a
DAC designed to accept bit-serial data. At a time when each bit can be ex-
pected to be stable, it is strobed into the shift register. The process continues,
bit by bit, until all bits have been loaded, without affecting the DAC output.
After all bits are loaded, the DAC register can be loaded at any time, to update
the DAC output. The scheme is analogous to a 12-car train pulling into a sta-
tion, car by car, then stopping and opening all the doors at once to detrain
the passengers.

12-bit data generated for distribution on an 8-bit bus must be delivered as two
separate bytes. The bytes can be presented in two ways, either ‘“right-jus-
tified” or “left-justified.”” In the former scheme, with the data written in the
fashion of whole numbers, the 12-bit word, 0100 1000 0001, would consist
of two bytes, 0000 0100 and 1000 0001; in the latter scheme, written as a bina-
ry fraction, it would be 0100 1000 and 0001 0000. In either case, the two bytes
must be simultaneously available at the input of the DAC register in order
to obtain a correct analog output. Figure 3.5 shows the block diagram of a
12-bit DAC (the AD667), which accepts data in three four-bit nybbles, and
the addressing scheme that would provide a left-justified 8-bit bus interface.

The 8 most-significant bits of the first rank, DB11 through DB4, are wired
to the data bus, and the last four bits (the top four of the second byte) are wired
to DB11 through DB8. When WR goes low, the first 14 bits of the address,
A15 through A2, are decoded to enable the device, via the Chip Select input;
when the last two digits of the address are 01, the 0 at Al enables the last four
bits, which are subsequently latched; then, when the last two address digits
are incremented to 10, the 0 at A0 enables the 8 most-significant bits and at
the same time loads the entire word into the DAC latch, updating the DAC’s
output.

It is easy to see that, with the facilities it has available, the same DAC could
also be used to update the entire 12-bit word at once from a 12- or 16-bit bus,
to update the word in three nybbles from a 4-bit bus, or to provide a right-jus-
tified 8-bit bus interface.

The forms of interfacing described above are often called memory-managed in-
terfacing, since the d/a converter is communicated with in the same manner
as a memory location (see also Chapter 4); it looks like a write-only memory.
There also exist DACs with readback capability; they make the word that is
currently providing the DAC output available to the bus in response to a read
command—a helpful capability that makes it unnecessary for the processor
to continually remember the last value, an especially useful feature at startup
or after interruptions.

3.5 MORE THAN ONE CHANNEL

Since many I/O entities may be connected in parallel on the data bus, with
each responding to a unique address code, digital multiplexing is inherent
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Figure 3.5. Double-buffered 12-bit DAC capable of interfacing with 4-, 8-, 12-, and 16-

bit data buses. Left-justified connection to 8-bit bus.

(Figure 3.6a). If a number of DACs are connected to the bus, only those that
are addressed will receive an update via their associated register(s) when the
WRITE command is received. The converters may be addressed randomly
(and repeatedly) or in a sequence. It is good practice to use two-stage latches
or double buffering so that the basic DAC is never exposed to bus noise.
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The multiple DACs may all be in the same package. For example, the quad
DAC shown in Figure 3.6b contains four 12-bit double-buffered voltage-out-
put DACs multiplexed on a 12- or 16-bit data bus.
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a. Converters share acommon bus. b. QuadDAC: 412-bitDACs in a single hybrid
package sharing common bus.

Figure 3.6. Converter-per-channel distribution.

Digital multiplexing may also be performed with multipoint switching: For
example, if four n-bit DACs with parallel inputs are to be updated, each bit
is switched to one of four output lines (Figure 3.7). Though more complex,
this approach has the advantage of reducing the load on the bus, since only
the DAC currently being addressed is connected.

If there are many analog channels, and sample-holds are less costly than DACs
for a given speed and resolution, the designer has the option of using a single
d/a converter—multiplexing its output among many sample-holds, either
with a multiplexing switch or by feeding the analog input to all of the sample-
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holds in parallel and decoding the address line to the sample-hold control in-
puts (Figure 3.8). A two-channel application of this technique might be found
in digital stereo decoding, where a single 16-bit DAC updates the two audio
channels alternately via sample-holds (see Chapter 17).
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Figure 3.7. Multipoint switching of four d/a converters.
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Figure 3.8. Sample-holds with common analog inputs and multiplexed control inputs.
Desired sample/hold is addressed. Then, on next update, DAC is latched, and ad-
dressed S/H is switched to SAMPLE. One-shot switches it back to HOLD when sufficient
time for settling has elapsed.
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Comparing S ample-H oldsand DACs

Once updated, a d/a converter- with-input reglster will store an analog value
indefinitely, or at least for so long as the power is connected. By contrast, a
sample-hold circuit, since it holds the analog data on a capacitor, is susceptible
to a definite “droop” (positive or negative) in the analog output as the charge
on the capacitor changes due to leakage across the switch, from the amplifier’s
summing point, or from the supplies (or perhaps even due to the capacitor’s
own leakage resistance or dielectric absorption).

Thus, even though the data may not chang'e at all, if the same value must be
maintained for a long perlod of time, it is necessary to update the sample-hold
periodically to correct for output droop. On the other hand, so long as the
data remains unchanged, a distribution system based on d/a converters (with
registers) has no need to be periodically refreshed. In fact, the DAC’s ability
to store without error lays the foundation for saving time by “updating by ex-
ception,” whereby the data channels are updated only if the data changes.

A further consideration in the use of d/a converters vs. sample-holds lies in
the matter of allowing for acquisition and settling time. The data sheet for a
typical general-purpose data-distribution sample-hold circuit at reasonable
cost may call for acquisition periods ranging from 1us to 26ys or more. Thus,
the multiplexer must dwell at each channel for the duration of this acquisition
period, and the update sequence must be arranged to avoid tying up the pro-
cessor bus for long periods.

Offsetting some of the speed and flexibility of the DAC-per-channel method
is the cost of interconnecting the DACs to the data source. Parallel data at the
10-bit (0.1%) level requires at least 12 conductors (10 data lines, commion re-
turn, and command line). If the d/a converters are at any distance from the
bus, or its buffer, installation cost for the cable may becorne the largest single
economic factor, far outweighing the cost of the DACs Cable and installation
costs can be greatly reduced by introducing serial (bit-at-a-time), instead of
parallel, transmission, but at a considerably reduced update rate.

In addition to allowing asynchronous timing of the loading and analog update
for each DAC, systems employing double-buffered d/a converters permit
simultaneous updating of a number of DACs. The first rank of registers is
loaded as each item of data is made available, then the second ranks of all de-
vices (the DAC registers) are updated simultaneously. (This is similar to the
scheme used for a DAC that must accept data from the bus in more than one
byte but must update the DAC register simultaneously.)

Analog Data Distribution

One of the approaches to sample-hold-circuit updating is shown in Figure 3.8.
Analog data is sent over a common wire to all the sample-hold circuits. How-
ever, each s/h, normally in hold, remains oblivious to the input data until a
command signal connects it momentarily to the analog data bus (sample). On
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Figure 3.9. Sample-holds with multiplexed analog inputs. Multiplexer switch can do
double duty in simplest configuration.

receipt of its update pulse, the sample-hold circuit acquires whatever analog
information appears on the data line and holds this value until subsequently
commanded to acquire a new signal level.

An alternative arrangement, potentially low in cost (and fraught with chal-
lenges for the designer), uses an analog multiplexer for distribution of analog
data among individual channels, as shown in Figure 3.9. Here, the sample-
holds respond to whatever signals are presented at their input terminals, and
then hold this signal level when the analog input is disconnected. The multi-
plexer’s switches serve double duty, both in multiplexing and as an interrupti-
ble path for charging the hold capacitor, though more complex switching ar-
rangements may be used. It is more subject to leakage and crosstalk than the
circuit of Figure 3.8, and requires some care in the timing of switch opera-
tions; but the idea is conceptually simple and low in cost.

3.6 ACQUISITION vs. DISTRIBUTION

Asarule, data acquisition poses more challenging problems than data distribu-
tion, but some of the problems assume different shapes. Since data distribu-
tion can take place at macroscopic power levels (volts and milliampetres), noise
is not a great problem (except for induced noise in hostile environments). To
the contrary, DAC outputs may be boosted, as in programmable power
supplies; in such cases, it is useful for the DAC’s output amplifier system to
have remote sensing (force-sense, or Kelvin connections) to avoid errors due
to voltage drops in the wiring. This is also good practice for high-resolution
(16-18-bit) DACs, even at more-modest power levels.
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Sample-Holds used in data acquisition must have short aperture time (or at
least small aperture uncertainty) because they must either deal with the “in-
stantaneous’ value of a signal, or sample it rapidly at equal time intervals.
Their hold time need be no longer than is necessary for the ADC to digitize
the signal. In short, the usual emphasis in sample-hold circuits for data ac-
quisition lies on rapid acquisition, followed by rapid conversion.

By contrast, sample-hold configurations used for data distribution usually
permit relaxed update timing, but the analog values may have to be preserved
for long periods without significant droop. Thus, sample-holds for distribu-
tion must have long hold times, and short acquisition-and-settling times.
Where high resolution (12 bits or better) and large ratios of kold to settling time
are necessary, multiple-DAC distribution—with register storage—becomes
preferable; the decreasing cost of IC DACs makes the choice an easy one.

3.7 FILTERING AND DEGLITCHING

In data acquisition, analog filtering is used to remove (or at least reduce) ana-
log transmitted, inherent, or induced input noise and to eliminate compo-
nents of signal and noise at frequencies greater than one-half the sampling fre-
quency to avoid aliasing. In distribution, filtering is used to reduce “noise”
caused by quantization and sampling (finite increments of digital resolution
and discrete output values due to sampling cause discontinuous analog out-
puts, which introduce unwanted frequency components) and to deal with
coupled-in switching transients.

Small discontinuities are often tolerable, especially in dc-value testing; they
occur at the application of test conditions, and readings are not taken until
the system has settled. On the other hand, if the converter is producing an
analog ramp in discrete steps, the discontinuities may have to be smoothed,
and certainly any feedthrough transients and/or glitches” must be
minimized.

For reconstructing coarse sampled data, sophisticated analog interpolation
techniques are used to overcome the limitations of simple filtering. An exam-
ple is integration of the difference between two adjacent values so that the
“points’ are connected by straight lines or exponentials, and discontinuities
become more-easily filtered changes in slope rather than steps.

A “glitch” is an insidious spike caused by intermediate codes introduced
by asymmetrical switching times at major-carry transitions, such as from
01111111 to 1000 0000. In this example, where the DAC output is to change
by one least-significant bit—from 1L.SB below half scale to half scale—if the
less-significant bits all switch off slightly before the MSB switches on, the
DAC output will momentarily seek to go all the way towards zero (Figure
3.10a), then return to half-scale, creating a very large spike.

Linear filtering of glitches is impractical, because they have far-from-uniform
magnitudes, and they do not occur at uniform intervals; hence, linear filtering
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can lead to badly distorted waveforms (Figure 3.10b). Glitches are minimized
in high-speed ‘“‘minimum-glitch” DACs by the use of latches and very fast
switching, with the best-possible matching of rise and fall times, so that (if
possible), the remaining error is a small, fast, filterable doublet pulse with

near-zero average energy (c).
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d. Effect of track-hold deglitching. Note slower update rate on same time scale as
above.

Figure 3.10. Glitchesin d/aconverters.

In the more-usual case, track-hold deglitcher circuitry is used to cause the
DAC’s output circuit to ignore the glitch. The output circuit is switched into
HOLD while the DAC is updated, then switched back to TRACK after a suf-
ficient time (perhaps established by a one-shot) has elapsed for the glitch to
settle out (Figure 3.10d). The deglitcher circuitry, though cleaning up the re-
sponse, will result in a reduction of the update rate. Figure 3.11 is the block
diagram of a complete 12-bit deglitched DAC capable of a 6-MHz update rate.
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Figure 3.11. Block diagram of 12-bit deglitched DAC capable of 6-MHz update rate.
Gainis set by external feedback resistor.

3.8 MINIMIZING CALIBRATION ERRORS BY SERVOING

In a test system, it may be necessary to set a number of parameters with high
resolution and accuracy. It can be done using high-performance DACs, but
where many channels of accurate analog output are required, it is possible to
accomplish this at lower cost with a single high-performance DAC and sets
of paired lower-performance converters. A representative scheme is shown in

Figure 3.12.
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Figure 3.12. Master-slave precision d/a converter scheme, using 16-bit master and two
8-bit DACs per channel for 14-bit resolution, employing comparator and counter for

correction.
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The 16-bit DAC, D1, puts out an accurately set voltage equal to the desired
output of D2, which consists of a two 8-bit DACs. D2A, with no attenuation,
receives the eight most-significant bits. D2B’s output is attenuated by a factor
equivalent to 6 bits, and offset, so that it can add up to + 2 L.SBs to the output
of D2A. The outputs of the two DACs are summed and compared with the
output of D1. D2B is driven by a an up-down counter whose direction, deter-
mined by the sign of the comparator output, tends to drive the error towards
zero. When the comparator changes sign, the count stops, and D2’s output
has been set to an accuracy of better than 14 bits, regardless of the actual set-
ting of the digital input to D2B. If the system has a number of such DACs,
eachisset, in turn.

This arrangement tends to be somewhat slow, especially for large step changes
in output, it uses a fair amount of hardware, and it doesn’t make best use of
available software. An alternative method (Figure 3.13) uses a fast successive-
approximation a/d converter to measure the output of a linear amplifying
comparator (viz., instrumentation amplifier) which compares the output of
the reference, DACI1, with the output of DAC2A (DAC2B output = 0). The
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Figure 3.13. Master-slave scheme, using 8-bit ADC and software for correction.

digital output, which represents the difference of the analog values, is simply
latched into the input of DAC2B. The total analog output of DAC2A and
DAC2B is thus very nearly equal to that of DACI, with a resolution of at least
14 bits; again, errors in DAC2A are taken into account in the setting of
DAC2B.
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For either of these schemes to be successful, the noise level and dc instability
of DAC2A during the period between updates must be within a fraction of
1 LSB of the overall resolution.

3.9 ISOLATION

In any data-distribution system in which common-mode potentials pose a
serious threat to the integrity of data, equipment, or organisms, it frequently
becomes necessary to isolate the various analog loads from the digital data
source. Otherwise, substantial differences in ground potential at the various
locations could cause large ground currents, induced noise, or worse.

Isolation is accomplished by magnetic or optical coupling of either the digital
or the analog signal. In one form of isolation, the analog output is isolated and
then transmitted via a 4-t0-20mA 2-wire current link, which is immune to
voltage noise.

As a practical example of an isolated DAC, Figure 3.14 shows the architecture
of a 10-bit systems DAC with 4-t0-20 mA current output. The data, which
might represent the setting of an actuator, is normally latched into the preset
input of a latched 10-bit counter from an 8- or 16-bit data bus, in response
to a WRITE command. The digital word is converted to an analog signal,

DATA BUS

WRITE READ
10-BIT DATA DATA
DATA DATA
Hl L N Hi b ouTt
UP/DN |—=]
INPUT LATCHES 3.STATE
CLEAR }—1 (COUNTER) LATCHED DIGITAL DATA oUTPUTS
CK IN |—=] ] ]
CKOUT == sLOW FRONT-END Py
CAP {-a—] CLOCK |—> POWER DAC DAC1423
5V IS0 =  REGULATOR ANALOG OUTPUT
AND CARRIER
DATA REFERENCE
COMMON

MODULATED
CARRIER

SYNC IN p—s=f CARRIER
POWER
OSCILLATOR

DEMODULATOR 4.T0-20mA

CURRENT

SYNC QUT =l SOURCE

+Vs s +VLoop Loop foyt
14V TO 36V com 12v To %6y coM  4T020mA
15.6264A/BIT
NOMINAL

Figure 3.14. Block diagram of 10-bit System DAC having galvanic isolation, 4-to-20-
mA output, data readback, power.supply independent of bus system, and available ex-
ternal (e.g., manual) updating.



3.9 Isolation 65

which is transmitted across an isolation barrier (via a modulated carrier), de-
modulated, and converted to a current signal with a 4-mA offset and a 16-mA
span.

This DAC provides for preservation of the last setting and independent opera-
tion if—for any reason—useful data is not available from the bus. Under such
conditions, pulses applied to the CLOCK input of the counter, while the UP/
DOWN inputis 1 or 0, can be used to increase or decrease the number stored
in the register (and hence the analog output), one bit at a time. The pulses
may be applied by manual switching, by an external backup processor, or
gated in from an on-board slow clock generator.

As the Figure shows, there is also a three-state data-output register, which
can place the information stored in the latches on the bus in response to a
READ signal. This facility, which makes the DAC look like READ/WRITE
memory, permits the computer to learn the state of the device (and the param-
eter it actuates) at any time—and especially when computer control is restored
after an off-the-bus period (making possible ‘“‘bumpless transfer” of control
when the computer returns on-line). A CLEAR input can be used to set the
latches to zero, e.g., during startup.

One of its most important attributes, the DAC has three divisions (‘‘ports)—
galvanically isolated from one another—with a breakdown rating of 1500V dc
continuously or 1000V rms ac at line frequency for one minute. Its three sec-
tions might be termed: power, output, and front end. The power section con-
tains a synchronizable high-frequency oscillator, the output of which is trans-
former-coupled to the other sections. The front end has a regulator and refer-
ence, a CMOS d/a converter, a modulator with transformer-coupled output,
the slow clock for off-bus applications, and the digital logic circuitry. A small
amount of isolated power is also available for external devices, such as logic
gates for external drive in off-bus operation. The output section has the de-
modulator and current-output circuitry, with provisions for external offset
and span adjustment. The current-loop power supply may be completely sep-
arate from the primary supply, or it may be the same supply.






Chapter Four

System Integration and
Remote Data Acquisition

Now that we have seen a number of basic data-acquisition and data-distribu-
tion architectures in Chapters 2 and 3, it may be worthwhile to pause and con-
sider some forms of system implementation. Areas of contemporary interest
include:

1. Proprietary systems, subsystems, and components for interfacing and
data communication.

2. Interfacing converters with nearby destinations, such as a microproces-
sor data bus, using parallel and byte-serial connections.

3. Usingserial techniques to communicate sensor-based data with comput-
ers or distant destinations

In Chapter 2, many of the configurations treat parallel data from the converter
as an input to a nebulous “buffer” block. This buffer translates the conver-
ter’s output into a machine data format, monitors the status of conversion,
initiates conversions, addresses the multiplexer, controls sample- hold and
gain-ranging, etc. These functions are achieved by purchasing proprietary in-
terface products—ranging from ICs and modules to complete systems—and
integrating them into the user’s overall system.

In this chapter, we shall examine ways in which these forms of interfacing are
achieved—first by outlining a number of proprietary systems and subsystems
that form a hierarchy, then by a more-detailed consideration of interfacing
techmques employing parallel and serial digital approaches, and the
MACSYM ADIO (Analog-Digital Input Output) bus

As the preceding sentence may imply, we must be careful to limit the scope
of this discussion, because any of these topics could itself justify a volume the
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size of this book for a thorough in-depth treatment of all possible cases. Our
method will employ the following approaches: First, this book is oriented
primarily towards data acquisition and conversion; we shall seek to maintain
that focus in this chapter. For that reason, (and because they are widely
documented elsewhere), we will avoid treatment of the popular IEEE-488 in-
strumentation bus and CAMAC concepts. Second, though we will tend to
summarize in somewhat general terms, we will limit much of our discussion
to ideas for which concrete embodiments can be found in the Analog Devices
product lines. This, in turn, permits an abbreviated overview, with security
in the knowledge that the reader who desires greater depth can find substan-
tial amounts of detailed information about specific approaches (and products
available to implement them) in our published literature.

4.1 SUBSYSTEMS FOR INTERFACING CONVERTERS TO THE
ANALOG AND DIGITAL WORLDS

Briefly summarizing some salient ideas from earlier chapters, data acquisition
is the process of transforming electrical voltages or currents, usually trans-
ducer outputs, into digital information to be received at some defined destina-
tion in a system, for storage, display, processing, or further transmission
(Figure 4.1). The data-acquisition process typically involves these forms of
activity:
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Figure4.1. Data-acquisition function.
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Analog signal-manipulation

Analog-digital conversion

Digital signal manipulation

Digital control manipulation, employing hardware and software

Analog signal manipulation includes such signal-conditioning operations
as isolated preamplification, gain adjustment, linearization, algebraic func-
tions (perhaps involving other inputs), sample/track-hold, and analog
multiplexing.

An analog-to-digital converter produces a parallel or serial digital code that rep-
resents the ratio of an analog signal to a reference voltage or current. The digit-
al code is usually—but not always—a binary or binary-coded-decimal number
proportional to the ratio. Though widely and beneficially used, but not
explicitly expanded upon here, a 1-bit a/d conversion can be the result of a
go-no comparison of an analog signal with a set-point.

Digital SIGN AL manipulation might involve multiplexing, various arithmetic
and logical operations—e.g., magnitude comparisons, algebraic operations,
code or format conversions—storage, transmission to a slave or host proces-
sor, and deriving control signals for either digital handshaking or for opera-
tions on the “real-world” portion of the system.

Digital CONTROL manipulation includes control of all digital operations,
programming of the analog functions (switching gains, channels, or circuit
configurations), initiation of conversions, etc., and all of the associated
software. )

A data-acquisition system (for the present purposes) is an operationally self-
contained subsystem, consisting of the conversion function (which involves
at least one a/d converter and may involve d/a converters) and some portion
of both the analog and digital manipulation circuitry. This definition (obvi-
ously quite flexible) permits a full functional range from a simple a/d conver-
ter (with a given analog span and digital controls) to an “intelligent”” multi-
channel measurement-and-control subsystem—and a physical gamut from an
integrated-circuit chip to a rack (or a room) full of equipment.

The desired properties of a given subsystem (in relation to the system) are
determined by the application; their choice is affected by such factors as reso-
lution, noise levels, system size and complexity, delegation of system tasks,
frequency and level of interactions, the physical environment, software avail-
ability and compatibility, and (of course) cost—of hardware, of software, of
wire, and of system development, prototyping, and manufacture.

When choosing the approach to take in designing a system, one system
designer’s component or subassembly may be another designer’s turnkey sys-
tem. In general, the design problem involves a classical “make-or-buy?”’ di-
lemma. The designer will purchase available components or subsystems that
reflect the level of integration that is a best compromise between out-of-pock-
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et cost and the many costs—both overt and hidden—of expending design and
manufacturing effort in technological areas that are peripheral to one’s pri-
mary mission.

The hierarchy of systems integration is especially deep at Analog Devices,
ranging as it does from integrated-circuit converter chips to general-purpose
computer-based data-acquisition subsystems, complete computer-based
automatic test systems for integrated circuits and intelligent machine-vision
systems. As examples of the levels of the hierarchy that are relevant for readers
of this book, Table 4.1 (overleaf) lists some specific products that were avail-
ablein 1985.%

We will review briefly the functional repertoire of these products in relation
to the conversion interface, starting with the simplest and working our way
up the chain.

4.1.1 THE AD574A INTEGRATED-CIRCUIT A/D CONVERTER

One of the simplest data-acquisition structures having a controllable interface
capability is a bus-compatible a/d converter. A good example is the AD574A,
a complete monolithic 12-bit a/d converter, furnished in a 28-pin dual in-line
package (DIP). As the block diagram shows (Figure 4.2 ), it is a successive-ap-
proximation type with an internal 10-V reference. It accepts analog inputs
with ranges of —5Vto +5V, —10Vto +10V,0to +10V,and O to +20V.
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Figure 4.2, Functional diagram of 12-bitIC a/d converter.

*Since a complete discussion of their properties and applications is beyond the scope of this book, we will discuss
several of these products in the context of their role in the conversion system. Complete information is available
from the manufacturer, ranging from free data sheets and brochures to complete instruction books and software
manuals at nominal cost.
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Its digital output appears on three sets of three-state quad output latches and
is left-justified. This means that the data represents the analog input as a frac-
tion of full scale ranging from 0 to 4095/4096, implying a binary point to the
left of the MSB (for example, .1100 0111 1001). The 12 bits of output data
can be read either as one 12-bit word or as two 8-bit bytes—one with the 8
most-significant data bits (1100 0111), the other with 4 data bits and 4 trailing
zeros (1001 0000). Conversions can be initiated either under program control,
or in a stand-alone continuous-conversion mode. Its mode of interfacing will
be discussed in Section 4.2.

4.1.2 THEAD364 DATA-ACQUISITION SYSTEM

The next level of simplification for the user (complexity for the device de-
signer) adds a multi-channel analog front end. A graphic example of how this
is done is the AD364, a complete microprocessor-compatible 12-bit data-ac-
quisition system consisting of two complete functional blocks in hermetically
sealed integrated-circuit packages (Figure 4.3). It essentially adds a multi-
channel analog frontend to an AD574A a/d converter.

The analog input section, in a 32-pin dual in-line package, consists of two 8-
channel multiplexers, a unity-gain differential buffer amplifier with high
input impedance, a sample(track)-hold, channel-address latches, and control
logic. The multiplexers can be connected to the subtractor in either an 8-chan-
nel differential or 16-channel single-ended configuration, under the control
of a logic-operated mode switch. This means that the AD364 can perform in
either mode without external hard-wired interconnections. Of perhaps

(continued on page 74)
DC POWER
{215V, +5V)
S8TS
o AD364 AD364 (AD574A)
ANALOG INPUT ANALOG-TO-DIGITAL
SECTION CONVERTER
“HIGH" THI 1L how M
MUX CAPACITOR 3 —J\ BB - DBY1
[
7 DIFF T L
AMP ANALOG ANALOG A
ANALOG | __J! mooe + out iN T M
INPUTS SWITCH AAA— N E A
8 N F, comp sAR | 12 |8 DB4 - DB7
| v —V
AMP ;U
Lo 12 P
Lown Lo £ A
DAC s D80 - DB3
A Y
15 —
SAMPLE/HOLD
[ CONTROL |

LATCHES I I ’ I }
AND T

CONTROL Rle
LoGIC

H'—!

AE A2 A1 AD CHANNEL SINGLE-END/
SELECT DIFFERENTIAL

INPUT CHANNEL ~ ATCH  MODESELECT
SELECT

Figure4.3. A/Dconverter and multichannel analog frontend.



TABLE 4.1. REPRESENTATIVE EXAMPLES OF SYSTEMS, SUB-
SYSTEMS, AND SUBASSEMBLIES FOR DATA ACQUISITION
MANUFACTURED BY ANALOG DEVICES IN 1985.

MACSYM350 FullyIntegrated Measurement And Control SYsteM
MACSYM 350 is a minicomputer-based measure-
ment-and-control system used to automate the meas-
urement, evaluation, and control of real-world
phenomena, both analog and digital, while interfac-
ing with human operators and other computers. It in-
cludes a keyboard, color display, and graphics, 5 ¥4"
floppy-disk storage, and a data-acquisition subsys-
tem. It can hold up to 16 interchangeable analog-dig-
ital input-output (ADIO) cards—which may be field-wired to sensors. Its powerful multi-
tasking real-time language, Measurement And Control BASIC (MACBASIC) is quickly
grasped by users without extensive prior programming experience.

pMAC-5000 Programmable Measurement-and-Control Subsystem
wMAC-5000 is a single-board programmable meas-
urement-and-control system. Combining direct con-
nection to sensors—via screw terminals—with modu-
lar signal conditioning, conversion, digital inputs and
outputs, a 16-bit microcomputer, an extended BASIC
language for measurement and control, serial com-
munication facilities, a power supply with uninter-
ruptible features, and ruggedized construction, it :
provides a compact, easily expandable instrumentality for measurement and control, ap-
plicable in a broad range of stand-alone or distributed control systems. It is also physically
and electrically compatible, serving the function of host, with xMAC-4000 subsystems,
which have similar front ends, but limited computation and communication capability
(Section4.3.3).

AD2051 Microprocessor-Based Thermocouple Meter
The AD2051 connects directly to a switch-selected
thermocouple (J, K, T, E, R, or S), corrects for the
cold-junction temperature, amplifies and linearizes
the thermocouple output, calibrates itself, provides a
display in degrees Celsius (— 165°C to + 1760°C) or
Fahrenheit (— 265°F to + 1999°F), and makes avail-
able a digital output, in the form of 7-bit character-se-
rial ASCII. Also optionally available are a linearized S
analog output and facilities for a full-duplex 20mA isolated digital loop for communication
with a computer or terminal.




RTI-1260 and RT1-1262 Mlcrocomputer AnalogI & O Subsystems
The RTI-1260 and RT1-1262 series of “Real-Time In- — o
terface” Analog I/O Subsystem Cards provide an ana-
log input/output facility for microcomputer systems
employing the popular STD bus. Interfacing as a
block of memory locations, they fit easily into pro-
grams for microprocessors such as 8080A, 8085,
6800, 6809, and Z80. Capable of multiplexing 16
differential or 32 single-ended input channels, the
RTI-1260 has a programmable-gain amplifier, sample-hold, and 12-bit a/d converter; the
RTI-1262 has four channels of 12-bit d/a conversion. These cards interface with the STD
Bus, but RTI-series Input, Output, and combined Input/Output boards, and others like
them, are available for popular microcomputer bus structures, including the Multibus,
TM990 Bus, LSI Bus, VME Bus—and as plug ins for PC slots.

AD7581 pP-Compatible 8-Bit 8-Channel Memory DAS
The single-chip CMOS AD7581 continuously scans 8
analog input channels, converts them to digital, and
stores the data in bus-addressable RAM (read-write
memory). The AD7581 interfaces directly with 8080,
8048, 8085, Z80, 6800, and other microprocessor sys- !
tems. Data can be read at any time for any channel; |
on-chip logic provides interleaved direct memory
access (DMA).

ADD364 16-Channel 12-Bit Data-Acquisition System
The AD364 is a complete data acquisition system in
the form of two integrated-circuit packages. It in-
cludes a versatile multiplexer, differential amplifier,
sample-hold, and 12-bit a/d converter. The multi-
plexer, and its associated mode switch, will handle
from 8 differential to 16 single-ended channels, as
well as intermediate combinations. The converter’s
12-bit output will interface directly with 8- or 16-bit
microprocessor buses, under software control.

ADS574A pP-Compatible Analog-to-Digital Converter

The AD574A is an integrated-circuit 12-bit a/d con-
verter. Accepting a variety of analog input voltage
ranges, it interfaces to most popular microprocessor
types having an 8-, 12-, or 16-bit data bus—without
external buffers or peripheral interface controllers.
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(continued from page71)

greater significance, one AD364 can serve a mixture of both single-ended and
differential sources under software control.

Multiplexer channel-address inputs are interfaced through a level-triggered
(transparent) input register. With logic 1 at the Channel-Select Latch, the ad-
dress signals feed through the register to directly select the appropriate input
channel. This address information is latched into the register on the transition
from logic 1 to logic 0 at the Channel-Select Latch input. The latching feature
is useful when the user has no control over when input channel-address infor-
mation may change—for example, when it is provided from an address, data,
or control bus that may be required to serve many devices. Internal logic mon-
itors the status of the differential/single-ended mode input and addresses the
multiplexers according to an established scheme.

The sample-hold mode control input is normally connected to the status out-
put from the a/d converter. When a conversion is initiated by applying a Con-
vert Start control sequence (see AD574 Interfacing in Section 4.2), the Status
goes High, putting the sample-hold into the Hold mode, freezing the informa-
tion to be digitized for the period of conversion. When the conversion is com-
plete, Status returns to logic 0 and the sample-hold tracks the input until the
next conversion is initiated. ‘

4.1.3 AD75818-BIT 8-CHANNEL MEMORY DAS

A quite sophisticated system capability on a chip is exhibited by the AD7381,
a complete 8-channel, 8-bit data-acquisition system on a single monolithic
chip. It consists of (Figure 4.4 ) an 8-bit ratiometric successive-approximation
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Figure 4.4. 8-channel, 8-bit data-acquisition system with memory.
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a/d converter, an 8-channel analog multiplexer, an 8 X 8 dual-port random-
access memory (RAM), three-state drivers (for interface), address latches,
and microprocessor-compatible control logic. When used with appropriate
references, it accepts either unipolar inputs (0 to + 10V) or bipolar inputs
(=5V to +5V, offset-binary output). It converts each channel in turn and
stores the output; the digital value corresponding to any channel’s input can
be read from the AD7581’s memory at any time. Its timing and operation with
amicroprocessor bus will be discussed in Section 4.2.

4.1.4 RTI-1260 AND RTI-1262 MICROCOMPUTER ANALOG INPUT
ANDOUTPUT SUBSYSTEMS

At the next level of complexity are ‘‘real-time interfaces’’ to standard micro-
computer and personal-computer buses. When the intended function of a
microcomputer system is measurement and control of real-world (i.e. , analog)
phenomena, analog I/O cards, which contain data-conversion components
and bus interface logic, are necessary to interface the computer with the real
world. They are designed to relieve the system designer of physical and elec-
trical hardware problems relating to the analog-digital-processor interface
(and many of the software considerations, too). RTI families, including input-
only, output-only, and input/output boards are available for popular buses,
such as MULTIBUS, STD Busand LSI-11Bus.

The RTI-1260 Analog Input Subsystem and the RTI-1262 Analog Output
Subsystem are representative of interface cards designed to work directly with
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Figure 4.5. Functional diagram of data-acquisition card for STD bus.
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microcomputer bus structures, interfacing in the same way as memory. They
are designed for complete physical, electrical, and software compatibility
with the STD bus, a popular bus that is compatible with many microprocessor
types.

Figures 4.5 and 4.6 show the salient electrical features of the RTI-1260 Ana-
log Input Card and the RTI-1262 Analog Output Card. The upper portions
of the diagrams show conventional data-acquisition and distribution architec-
tures. The lower portions detail the direct connections to the microcomputer
buses: data, control, address, and power. A dc-dc converter converts the
+ 5V bus supply voltage to the low-noise, isolated + 15V required for the ana-
log circuitry.

Input cards for data acquisition. The basic architecture of an analog input card
is shown in Figure 4.5. Analog inputs arrive at the terminals of a multiplexer,
which selects one of 16 or 32 channels. The multiplexer can be configured for
single-ended, differential, or quasi-differential modes. The single-ended
mode is used when all signals are referred to a common ground—and are of
sufficient magnitude in relation to noise to provide appropriate resolution; 16
or 32 channels are optionally available. For noisier environments, or where
signals come from sources at differing common-mode levels, the differential
mode can be used by the pairing of signal inputs to minimize the effects of
common-mode noise; this halves the number of available inputs. If all signals
have a common connection (not at system ground), it can be used as one side
of the differential input; this quasi-differential connection takes advantage of
the amplifier’s differential inputs without sacrificing channel capacity.

The outputs of the multiplexers (which use dielectric isolation and can handle
signals of up to + 35V without damage) feed a differential-input instrumenta-
tion amplifier, having gains programmable from 1 to 1000, to amplify the sig-
nal (= 10mV to =+ 10V full scale) to the specified input range of the converter.
The sample-hold tracks the signal and freezes it during a/d conversion. The
converter produces an 8-, 10-, or 12-bit digital representation of the signal,
and this result is made available to the microcomputer bus, via a set of three-
state program-controlled registers.

The multiplexers accept software-determined commands from the microcom-
puter to select a specific analog channel and start an a/d conversion.

Output cards for control. Analog output cards (Figure 4.6) contain independent
d/a conversion channels for driving chart recorders, servomechanisms, con-
trol valves, and output transducers. The analog output is set by writing a dig-
ital code to the appropriate address. If the resolution of the data exceeds 8 bits,
the DAC requires two bytes of data. The DACs are double-buffered, so that
both bytes may be separately loaded into the input register and then strobed
simultaneously into the DAC, avoiding intermediate outputs and insuring
cleaner transitions from one output value to the next.
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Figure4.6. Analog outputcardforSTD bus.

Usually, the cards offer single-ended or bipolar voltage output at standard
levels. However, in some applications (e.g., automatic control), where the
load may be at some distance from the microcomputer system, it is useful to
transmit the analog signal as a current, rather than as a voltage, for immunity
from voltage noise and IR drops in the output wiring. Current-output options
typically provide an output current span from 4mA to 20mA. Digital interfac-
ing of the RTI devices will be discussed in Section 4.2 of this chapter.

4.1.5 AD2051 pP-BASED THERMOCOUPLE METER

So far, we’ve discussed devices and subsystems that interface with high-speed
multiwire microprocessor buses. Since long runs of parallel bus wire are high
in noise, crosstalk, capacitance, and cost, it is usually imperative that the con-
verter and its associated circuits be nearby—usually in the same card cage.
For many applications, however, this may require that analog signals be car-
ried over lengthy wire runs, with excellent prospects for signal degradation.
The subsystems to be considered below can be operated closer to the signal
source; they can communicate with computers by the use of serial transmis-
sion, and— because they have built-in processing capability and memory—
they can stand alone in their transactions with analog signal sources.
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The AD2051, for example (Figure 4.7), is a digital panel instrument that con-
nects directly to a thermocouple. Switch-selected for the correct ther-
mocouple type (J, K, T, E, R, or §), it corrects for the cold-junction tempera-
ture, amplifies and linearizes the thermocouple output, calibrates itself, pro-
vides a display in degrees Celsius (—165°C to + 1760°C) or Fahrenheit
(—265°F to +1999°F), and makes available a digital output, in the form of
character-serial (7-bit parallel) ASCII. Also optionally available are a preci-
sion analog output and facilities for a full-duplex 20mA isolated digital loop
for communication with a computer or terminal. These terms, and the ways
in which the AD2051 interfaces, will be discussed in part4.3.
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Figure 4.7. Versatile thermocouple thermometer.

4.1.6 uMAC-5000 PROGRAMMABLE SINGLE-BOARD MEASURE-
MENT-AND-CONTROL SYSTEM

The wMAC-5000 combines, on a single 9 15" X 13" (241.3 mm X 330.2 mm)
board, signal conditioning, multiplexing, and a/d conversion for 12 channels
of analog sensor input (thermocouples, strain gages, etc.) It also has 8 digital
outputs and 8 digital inputs, for communicating logic states, switch closures,
etc. Additional channels are available via an expansion port and a family of
analog and digital expansion boards that can be housed in the same card cage.

Fully programmable, employing wMACBASIC, a powerful, easy-to-use
programming language, its S-MHz, 16-bit 8088 on-board CPU processes the
data collected from the input channels, sends out control signals, and comuni-
cates with other equipment as directed by the program installed in its mem-
ory. Since the memory available over and above that required for the uMAC-
BASIC operating system and internal operation is at least 16K bytes of both
RAM and ROM, the user has the option to download programs into read-
write memory from a host computer or to store them in non-volatile EPROM.
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Figure 4.8. Functional diagram, typical communication modes, and system orienta-
tion for single-board measurement-and-control system.

The nMAC-5000 can be used as a stand-alone measurement-and-control sys-
tem; it can provide remote intelligence for servicing a host computer; or it can
act as a host for a uMAC-4000 slave measurement-and-control subsystem (see
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Section 4.3.3). Figure 4.8 shows the basic structure of the p.MAC-5000, its
role in a system, and some of the ways it can communicate locally with termi-
nals and printers—and either remotely or locally with host computers and
other entities.

Analog signals arrive at the inputs of three plug-in quad signal-conditioner/
multiplexers, which can be chosen from a variety of available types to provide
such functions as cold-junction compensation for thermocouples, adjustable-
gain preamplification, high-voltage isolation, and sensor fault indication. The
function of each individual input is selectable in software. Each module’s out-
put is multiplexed onto the internal analog bus; the resulting signal is
amplified by the programmable-gain amplifier (PGA) to fit the input range
of the a/d converter, and the result of the conversion— appearing on the digit-
al bus—is processed as required by the program. An integrating converter
provides resolutions from 13-bits-plus-sign to 11 bits, depending on the de-
sired number of conversions per second.

The wMAC-5000 software is easy to use. For example, on the command
‘AIN(channel)’, it automatically addresses the voltage on the specified analog
input channel and converts it to digital; if identified as originating in a ther-
mocouple, the data is linearized, compensated, and translated into engineer-
ing units. Programmers are relieved of writing these steps into their program.
The use of an analog-input command AIN illustrates this:

10 TEMP1 = AIN(1)
20 PRINT"THE TEMPERATUREIS ";TEMPI;" DEGREESC.”

When line 10 is executed, if the addressed, converted, and processed value
of TEMP1is 23.2, the displayed or printed response in line 20 would be:

THE TEMPERATUREIS 23.2 DEGREES C.

The first command measures the analog input on channel 1 (e.g., a ther-
mocouple), computes the correct temperature in degrees Celsius, and assigns
the value to the variable TEMP1. The second command formats and prints
the dataona CRT or printer.

Besides such simplifications as these, uMACBASIC can further simplify the
writing of programs by allowing the programmer to name Procedures or
Functions. For example, in

10IF AVG(3,10)> 700 THEN ALARM (2)

When line 10 is executed, a Procedure, AVG(3,10), is called (e.g., the averag-
ing of 10 readings of analog channel 3), the result is compared with 700, and
if the result is greater than 700, an alarm function (perhaps the outputting of
a switch closure) is performed. The Procedure and Function may be written
with any desired local line numbers and variable names without conflicting
with the main program.
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In Section 4.3.3, we will discuss the means by which the . MAC-5000 and
other entities, such as personal computers, communicate with the response-
only “intelligent” pnMAC-4000 Measurement-and-Control Subsystem,

4.1.7 MACSYM 350 COMPUTER-BASED MEASUREMENT-AND-
CONTROLSYSTEM

At the highest level of data-acquisition system integration, MACSYM 350 is
a fully integrated Measurement And Control SYsteM developed specifically
to acquire, reduce, store, present, and output real-time information in labora-
tory, process control, and discrete manufacturing applications. From ar-
chitecture and packaging to software and documentation, the system is
human engineered to minimize the time and experience required to configure,
hook up, program, and operate in the user’s environment.

The complete MACSYM 350 system, with integral signal conditioning, is
packaged in two compact desktop units: the stand-alone MACSYM 150 work-
station and the MACSYM 200 intelligent front end. The basic system, the
MACSYM 150, includes a high-speed 16-bit 8086 processor and 8087
numeric coprocessor, keyboard, color display, and 5 V4" floppy-disk storage.
Specialized I/O cards plug into a 6-slot internal backplane to provide analog,
digital and communications input/output, and memory expansion.

It can be expanded to form MACSYM 350 systems, systems of much larger
scope and range of functions, by the addition of one or more MACSYM 200
intelligent front ends, each of which provides for up to 16 additional slots for
data-acquisition and control. A large library of analog/digital input/output
(ADIO) cards—which can be interchangeably plugged into any of 16 card
slots provided in the MACSYM 200’s chassis—is available. Application pro-
grams can be written immediately in MACBASIC, a multitasking real-time
BASIC, optimized specifically for measurement and control.

Figure 4.9 is a simplified overall block diagram of MACSYM 150 and
200, depicting the organization of the major components comprising such sys-
tems. The 16-bit central-processing unit has hardware floating-point and a
minimum of 128K bytes of RAM. The system-control card includes a 24-hour

real-time clock and console serial interface with RS-232C or 20-mA current
loop (110 to 9600 baud).

A key element of MACSYM systems is the dual bus system. The processor
communicates with memory and computer-type peripherals via the conven-
tional computer bus structure. However, communication with the analog and
digital I/O cards is established by way of the ADIO controller, an intelligent
interface which provides a number of shared functions—including a/d con-
version. The dual bus structure and shared functions minimize the complex-
ity and cost of the individual cards and isolate the I/O bus from the noisy high-
speed processor bus, permitting improved performance to be obtained with
low-level analog signals. Since the ADIO controller deals with each card on
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Figure 4.9. Simplified block diagram of minicomputer-based measurement-and-con-
trol system.
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the basis of its own identity, it is possible to utilize any assortment of cards,
16 per MACSYM 200 chassis.

Capabilities of the signal-conditioning card family include low-level analog in/
analog out, direct sensor interfaces (thermocouple, strain gage, RTD, etc.),
digital input/output, isolation, and a wide variety of special functions. Op-
tional screw-terminal boards permit direct connections to sensor wires. The
number of cards used in a a given application may be greatly increased by the
use of extension chassis. A variety of peripherals, from disk drives and plot-
ters to graphic terminals and air-conditioned NEMA cabinets are available.

MACSYM 350 can interface with the IEEE-488 (1978) general-purpose in-
strumentation bus (GPIB); it interfaces via the ACP100 I/O card and its as-
sociated software driver, which enables MACSYM 350 to send and receive
data and operate as a bus controller or listener/talker, using BASIC, for sup-
porting up to 15 external devices simultaneously, with 9 operational functions
and 30 available programmable instrument addresses, at a 2000-byte-per-
second maximum data rate,

A/D conversion in MACSYM 350 systems is achieved in software by the vari-
able, AIN(card slot, channel); d/a conversion is effected by AOT(card slot,
channel). Thus, the powerful MACBASIC statement,

AOT(8,3) = 5*AIN(2,5) + AIN(3,6) + K(5) 4.1)

means that when the statement is executed, the voltage applied to channel 5
of the card in slot#2 is measured, multiplied by 5, added to the voltage meas-
ured at channel 6 of the card in slot #3, added to a variable identified as K(5),
and that sum updates the analog output from channel 3 of the card in slot #8,
all within milliseconds.

MACSYM 350 has been described here to illustrate the highest level of inte-
gration of conversion into a general-purpose data-acquisition system for meas-
urement and control. Designed for end-user convenience, MACSYM’s a/d
and d/a conversion functions are internal, fully integrated, and buffered from
the world by the ADIO bus and software. Because MACSYM functions essen-
tially as a self-contained turnkey system, supported by a panoply of tutorial
publications, instruction and software manuals, application briefs—and a
field service organization—the details of its converter-interfacing methodol-
ogy are beyond the scope of these pages.

4.2 INTERFACING CONVERTERS WITH MICROPROCESSORS,
USING PARALLEL CONNECTIONS

Microprocessors, because of their low cost and ready availability, have be-
come established as the prime arena for computer interfacing. It therefore
makes sense to indicate how the general principles discussed in earlier chap-
ters can be applied in fairly specific ways to microprocessors.
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There is a plethora of detailed microprocessor architectures and software sys-
tems, differentiated by manufacturer, by generation, and by degree of inte-
gration. It would be futile and well beyond the scope of this chapter to explore
even a few of them in detail. Instead, we shall seek to show the elements that
most microprocessors have in common and to indicate how some of the con-
version and data-acquisition devices mentioned earlier can be interfaced to
wPs. Many of the underlying ideas can be found in several of the references
(at the back of the book), as well as in manufacturers’ literature.

A microcomputer is an operational computer system, with a specified amount
of memory, based on a microprocessor (CPU) chip. A microprocessor chip
(packaged integrated circuit) is something less than a microcomputer, and the
difference between the two is simply a measure of a continually shrinking
technological gap.

Figure 4.10 shows a functional diagram of the connections to an 8080 micro-
processor. They include a 16-bit unidirectional latched address bus, which
is used to address one 8-bit byte out of a possible 65,536 bytes (64K) of exter-
nal memory; an 8-bit bidirectional data bus for transferring data to or from
the processor; a set of power-supply terminals; a pair of clock terminals; and
a set of incoming and outgoing control lines. The processor itself contains an
accumulator, a set of registers, and the operational capability of carrying out
up to 256 different instructions, coded in 8-bit words. The instruction groups
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Figure 4.10. Typical microprocessorinterface connnections.
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include data-transfer; arithmetic operations; logic operations; branching op-
erations; and stack, I/O, and machine-control operations.

Double-precision operations are inherent: a number of instructions string two
8-bit data bytes together as a 16-bit word. It will be seen that this is a useful
feature in dealing with converters.

4.2.1 MICROPROCESSOR INTERFACING, I/0 vs. MEMORY

To interface a converter or a data-acquisition system to a microprocessor, a
number of requirements must be fulfilled:

It must be possible to address the converter subsystem, and if a MUX with
random addressing is used, it must be possible to address specific analog
channels.

The output of the converter must be transformed to a compatible format
and to circuitry compatible with three-state busing.

Suitable software and control signals must be provided to initiate con-
version, determine when conversion is complete, and transfer the data
appropriately.
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Analog-to-digital converters, like other I/O devices, may be interfaced tomic-
roprocessors by several methods. These methods include (but are not limited
to) direct memory access (DMA), isolated, or accumulator I/0, and memory-
managed (or memory-mapped) I/O. Direct memory access is the fastest, since
conversions occur automatically, and data updates into memory are transpa-
rent to the processor. DMA logic is very processor-dependent
and makes use of dedicated specialized hardware. Memory-managed and
accumulator I/0 are more-often used and somewhat easier to understand
(Figure4.11).

Memory-managed I/O assigns the I/O device to one or more locations in the
memory space of the microprocessor. This technique has the advantage that
the full range of memory-reference instructions may be used to operate on the
data. The potential disadvantages include limiting the memory space avail-
able for program and data memory, somewhat more complex address decod-
ing, and increased difficulty of isolating device-select pulses for system de-
bugging. Many processors offer only memory-mapped 1/0.

Accumulator I/O uses a set of control signals which are distinct and different
from the memory control signals. These control signals, combined with use
of a portion of the address bus, serve to define a totally separate I/O address
space. This architecture is simpler from the hardware standpoint, since ad-
dress-decoding requirements are less severe for the smaller space (for exam-
ple, 256 inputs and 256 outputs may be used with the 8080), and distinct I/O
Read and Write pulses are more easily located for system debugging purposes.
However, processors using accumulator I/O generally can only send data to
an output device from the accumulator. This can make the software more
cumbersome, since processor-controlled transfers of I/0 device data to a
memory location cannot be accomplished in a single instruction.

Concrete examples of some of these concepts can be given in terms of some
of the devices mentioned in this book.

4.2.2 INTERFACINGANIC12-BIT A/D CONVERTER WITH
MICROPROCESSORS

AD574A Controls. The AD574A contains on-chip logic for initiating conver-
sions and reading out data, using signals commonly available in microproces-
sor systems. Referring to Figure 4.2 and Table 4.2, three of the logic inputs,
CE, CS, and R/C, control the operation of the converter; the register-control
inputs, A0 and 12/8, control converted word length and data format. The state
of R/C (read/convert), when CE (chip enable) and__@ (chip select) are
both asserted, establishes whether a Data-Read (R/C = 1) or a Convert
(R/C = 0) operation is in progress.

The A0 line is usuallytied to the least-significant bit of the address bus. If a
conversion is started with A0 low, a full 12-bit conversion cycle is initiated;
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CE CS R/C 1278 A0 Operation

0 X X X X None

X 1 X X X None

1 0 0 X 0 Initiate 12-Bit Conversion

1 0 0 X 1 Initiate 8-Bit Conversion

1 0 1 +5V X Enable 12-Bit Parallel OQutput

1 0 1 Dig.Com. 0 Enable 8 Most Significant Bits

1 0 1 Dig. Com. 1 Enable 4L.SBs + 4 Trailing Zeroes

Table 4.2, AD574A truth table.

if A0 is high during a Convert start, a shorter 8-bit conversion cycle results.
During data Read operations, the state of A0 determines whether the 3-state
buffers containing the 8MSBs of the conversion result (A0 = 0) or the 4 LSBs
(A0 = 1) are enabled. The 12/8 pin determines whether the data is to be or-
ganized as two 8-bit words (12/8 wired to Digital Common) or a single 12-bit
word (12/8 wired to VLOGIC).

The functions of the controls are summarized in Table 4-2. An output signal,
STS, indicates the status of conversion. STS goes high at the beginning of a
conversion and returns low when the conversion cycle is complete.

Microprocessor Interfacing. A typical a/d converter interface routine invol-
ves several operations. First, a Write to the ADC address initiates a conver-
sion. The processor must then wait for completion of the conversion cycle,
since most integrated-circuit ICs take longer than one machine instruction
cycle to complete a conversion. Valid data can only be read after the conver-
sion is complete.

The AD574A’s STS (Status) signal indicates when a conversion is in progress.
The processor can poll the signal by reading it through an external three-state
buffer (or other input port). The STS signal can also be used to generate an
Interrupt when the conversion is completed, if the system timing require-
ments are critical, and if the processor must perform other tasks during the
time required for conversion (35us for the AD574A) and must use the results
of conversion as soon as they are ready. Another useful time-out method is
to assume that the ADC will take 35 microseconds to convert, and insert a
sufficient number of instructions to ensure that at least 35ws of processor
time are consumed (or rely on an independent counter or clock, freeing the
processor).

Once it is established that the converter has finished its cycle, the data can
be read. If the ADC has 8 bits or less of resolution, a single data Read
operation is sufficient. In the case of converters with more data bits than are
available on the bus, a multi-byte data format is required, and multiple Read
operations are needed. The AD574A includes internal logic to permit direct
interfacing to 8- or 16-bit data buses, selected by connecting the 12/8 input
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low or high. In 16-bit bus applications (12/8 high), the data lines (DB11
through DBO0) may be connected to either the twelve most-significant or 12
least-significant bits of the data bus. The remaining four bits should be
masked in software. The effect of the former is a left-justified fractional-bina-
ry format (1111111111110000, while the effect of the latter is a right-justified
integer-binary format (0000111111111111). The interface to an 8-bit data bus
(12/8 low) is always done in a left-justified format with the AD574A. When
the LSB of the address word is even (A0 Low), the eight most-significant bits
(DBI11 through DB4) are addressed; when the address is odd (A0 High), the
output to the bus consists of 4 LSBs (DB3 through DBO0), followed by four
trailing zeros—bit-masking is unnecessary (Figure 4.12).

D7 Do
XXX0(EVEN ADDRY): DB11 DB10 DB9 DB8 DB7 DB6 DB5 DB4
(MSB)
XXX1(ODD ADbR): DB3 DB2 DB1 :)BO ) 0 0 0 0
LSB

Figure 4,12, Left-justified data format for interfacing a 12-bit converter to an 8-bit bus.

Access time and data latency time for the AD574A’s 3-state buffers are com-
parable to those for today’s memory devices. Therefore, the AD574A can in-
terface directly to many processor buses without the need for Wait states or
external data buffers. We will show an example here of interfacing to 6800/
6502 microprocessor systems. Interfaces to other systems, including the
Apple II computer, may be found in the AD574A data sheet.

6800 Interfacing. The control signals and bus architecture of the 6800 and
6502 series of microprocessors are quite similar. In each, the state of the read-
write (R/W) signal at the rising edge of the ¢2 (or equivalent) clock establishes
whether a Memory Read or Memory Write is in progress. The memory ad-
dress being exercised is signaled by decoding of the address bits to (usually)
an active Low signal.

This control structure is directly compatible with the AD574A (Figure 4.13).
The R/W (read/write) line can be used for R/C (read/convert); the active-low
decoded base address (the AD574A occupies two memory locations) is ap-
plied to CS (chip select), and ¢2 is used for CE (chip enable). The least- signifi-
cant address line (even-odd) is tied to the AD574A’s AO input.

In this interfacing scheme, the processor initiates a conversion by performing
a dummy Write to the converter, bringing read/convert low (the contents of
the data bus during the Write are ignored). If A0 is low, a full 12-bit conver-
sion will be started; if AO is high, a short 8-bit conversion is started. After
sufficient time has elapsed for the conversion to be complete, the processor
can read the data (bringing read/convert high) in the two memory locations
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4 4 DB11-DBS8
patal 8 (NYB.A)
BUS ‘ I 4 l
\‘—\4 DB7-DB4
{(NYB.B)
DB3-DB0
6800
o L (NVB.C) ADB574A
6502 __
R/W =1 R/C
g2 =i CE
LN L
A15-A1 ADDR DECODE —&={ CS
V]
A0 Yot —
A0 12/8

Figure 4.13. Interfacing a 12-bit ADC to 6800/6502 microprocessor.

occupied by the AD574A. The even location (A0 low) contains the 8 MSBs,
and the odd location (A0 high), if used, contains the four LL.SBs and the four
trailing zeros.

The AD574A may be used directly with 6800 series processors running at
clock speedsupto 1.5MHz.

4.2.3 INTERFACING A DATA-ACQUISITION MODULE TO THE
8080 MICROPROCESSOR

Figure 4.14 shows how a DAS1128 data-acquisition subsystem (Figure 2.14b)
might be interfaced with an 8080, using an 8255 peripheral interface chip. A
typical sequence of events, slightly simplified, is this:

1. A setup byte, addressed to this channel (address decoded) is latched
(written) into the 8255. It configures the 8255 as a set of two input ports (8
and 4 bits), which will receive the data from the converter, and one 4-bit out-
put port, which will address the appropriate MUX channel. (The DAS1128
will have been configured for random addressing.)

2. A MUX-address byte, addressed to this channel (address decoded), ap-
pears on the data bus and is latched (written) into the MUX-address input of
the DAS1128, causing the multiplexer to switch to the appropriate channel.

3. A conversion command, addressed to this channel (address decoded),
is written into the DAS1128’s Strobe input and initiates a conversion cycle,
starting with sample-hold.

4. At some later time, when the conversion can be expected to have been
completed, successive READ pulses, addressed to this channel (address de-
coded), cause data in the 8-bit and 4-bit input bytes of the 8255 to be transfer-



90 System Integration and Remote Data Acquisition
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Figure 4.14. Interfacing a 12-bit DAS to an 8080 microprocessor.

4 MSB'S

red to the microprocessor. It is also possible (but not shown for the sake of
simplicity) for the DAS1128’s Status (Busy) line to have triggered an interrupt
cycle when the converter’s output became valid, in order to get fast handling
without tying up the processor during the conversion. Interfacing could have
been either I/O or memory-managed, trading off 8-bit (I/0) vs. 16-bit (mem-
ory) addressing for the sake of simpler software (2-byte instructions and faster
machine handling).

It is easy to see that essentially the same technique could be used to interface
any other simple 12-bit parallel-output (non-3-state) converter, such as the
AD572, without the MUX, and with or without a sample/hold. If a separate
sample-hold (e.g., the AD582) were used, an appropriate time delay must be
used between initiating the Hold command and the start of conversion.

4.2.4 INTERFACINGANICDASTO THE BUS

Microprocessors. Since the AD364 data-acquisition system consists of an
ADS574 a/d converter plus an analog front end, the conversion control inter-
face is the same as for an AD574. However, because there are from 8 to 16
channels of analog input, representing from 16 to 32 memory locations (for
12-bit conversion), which must be individually addressed, the decoding struc-
ture is different.

The lowest bit, A0, is still directly connected to the converter’s A0 line. The
next four bits, Al through A4, are connected to Channel-Select inputs A0
through AE of the analog input section; they are internally decoded. Thus,
only bits A15 through AS on the wP’s address bus need be decoded. The
Channel-Select Latch is operated by the Write line; when the Write line goes
low, the channel whose address is on A0 through AE of the analog input sec-
tion is latched.
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Figure4.15. Interfacing anIC 12-bit DAS to an 8048 single-chip microcomputer.

Single-Chip Microcomputers. Single-chip microcomputers now available,
such as the 8048, 6801, and 3870, include fully decoded I/O ports on the chip,
as well as the central processing unit, RAM, and ROM. The fully decoded
1/O ports sidestep the need for address decoding for I/O devices in many sys-
tems. For example, the 8048 contains 64 bytes of RAM, 1K bytes of ROM,
and 2 programmable 8-bit I/O ports, which can be used either as inputs or
outputs. A third 8-bit port, designated BUS, is a bidirectional port, which can
be used for expanded I/O or memory.

As Figure 4.15 shows, the AD364 interfaces easily to an 8048 single-chip
microcomputer, providing a complete data-acquisition system with minimal
package count. In this system, 5 of the 8 bits of Port 1 drive the channel-select
address inputs and single-ended/differential mode. Since the outputs of Port
1 are already latched, it isn’t necessary to use the latch built into the AD364.
The Latch input is tied to logic 1, which causes the latch to be transparent.
The setup byte at Port 1 for the conversion takes on the format shown in the
inset.
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4.2.5 INTERFACING AN ICDAS WITH MEMORY TO THE BUS

The AD7581 (Figure 4.4) accepts eight analog inputs and sequentially con-
verts each into an 8-bit binary word, using the successive-approximation
technique. The result of each conversion is stored at an address in an 8-bit,
8-channel dual-port (input, output) RAM. Basic timing for the device is de-
rived either from the microprocessor clock (in 6800-type systems) or from
some suitable signal (ALE—Address Latch Enable, in 8085-type systems).
Startup logic is included to establish the correct sequences within 800 clock
periods when power is applied; required power is — 10V reference and + 5V
excitation.

A complete conversion cycle for each channel requires 80 clock pulses; 640
pulses are needed for a complete scan through all eight channels (in decreasing
order, from channel 7 to channel 0). When a channel’s conversion is com-
pleted, the contents of the successive-approximation register are loaded into
the proper channel location of the 8 X 8 RAM, and the Status line (STAT)
produces a negative-going pulse. When conversion of Channel 1 is complete,
the status pulse lasts for 72 clock-periods (during the conversion of channel
0); for all other channels, the status pulse is only 8 clock periods in duration.
Thus, an external pulse-width detector can be used to identify when channel
1 has been converted (and that channel 0 is being converted) and to derive
conversion-related timing signals for microprocessor interrupts.

Each time the status line goes low, the multiplexer address is decremented;
the next conversion starts eight clock periods later. Automatic interleaved
DMA (Direct Memory Access) is provided by on-chip logic to ensure that
memory updates take place at instants when the microprocessor is not addres-
sing memory.

Memory locations are addressed via the three lines A0, A1, and A2. The input
address latch is transparent when ALE is high and latched when ALE goes
low. This address may be actively latched by ALE for systems which feature
a multiplexed bus carrying both address and data information (Figure 4.16a);
otherwise, for systems having separate address and data buses, the > address
inputs can be made transparent by tying ALE high (Figure 4.16b). CS (chip
select) activates three-state buffers to place the addressed data on the DBO to
DB7 data-output pins.

4.2.6 INTERFACING ANALOGI/O BOARDS TO nCBUSES

The RTI-1260, described earlier, is one of a series of analog I/0 boards, de-
signed for complete plug-compatibility with the various microcomputer bus
structures, utilizing memory-mapped architecture. In some cases, Port I/O
is also available. Such cards offer the best results in the tradeoffs between
hardware/software and cost/performance, with 12-bit data-acquisition
throughputs of up to 30kHz.
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Figure 4.16. Interfacinga memory DASto popular microprocessors.
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Memory mapping treats an analog card as a block of memory locations. The
cards, which decode the addresses placed on the address bus by the microcom-
puter, occupy a set of (e.g., 16) consecutive bytes within an unused 1K block
of addresses in microcomputer memory. The choice of configuration is user-
programmed by the use of on-board jumpers, which permit a choice among
256 locations in a 64K memory space.

When the RTI cards are addressed as memory, simple memory Read or Write
instructions (STA, LDA) can be used. Memory mapping also allows prog-
rammers to access the RTI boards using any of the memory-reference instruc-
tions in the repertoire (SHLD; LHLD; MOV M, r; MOV r, M). Figure 4.17
shows an example of a data-acquisition subroutine for 12-bit a/d conversion.

THIS EXAMPLE USES 8085 ASSEMBLY LANGUAGE TO ADDRESS
CHANNEL 1, DO AN A/D CONVERSION AND STORE 12 BITS OF
A/D DATA IN REGISTER PAIR B AND C. BASE ADDRESS HAS
BEEN SET AT FFFB.

LXI H,FFFB
MV M, 01 SELECT MUX ADDRESS

LXI H,FFFD

LOOP MOV AM
RLC
JC LOOP TESTBUSYBIT
MoV B.M READ ADCDATAHI
DEC H

MOV C.M READ ADCDATALO
Figure 4.17. Example of 12-bit a/d conversion program.

RTI-1260 Analog Input Card Memory Map. The RTI-1260 uses 3 bytes,
which are assigned as shown in Figure 4.18.

MUX ADDR/CONV: Any one of 32 single-ended or 16 differential input
channels can be selected at random by writing the channel code into bits D0
to D4 of this byte (00000 to 11111 single-ended, 00000 to 01111 differential).
Writing to this byte also initiates an a/d conversion.

A/D DATA LO: The 8 lowest-order bits of the a/d converter’s output word
are available at this address.

A/D DATA HI: The Busy bit (D7) is used to indicate when an ADC conver-
sion is complete, resulting in valid data. Logic 1 indicates busy, Logic 0 indi-
cates conversion complete. The four highest-order bits of the right-justified
ADC output are also available at this address (D3, D2, D1, D0). For twos
complement bipolar coding of the ADC output, the inverted MSB is read at
D6, D5, D4,and D3.



4.2 Interfacing Converters with wP’s, Using Parallel Connections 95

BYTE
ADDR. DATA FORMAT FUNCTION OPER.
4 N/ A L N/ N

D7 D6 D5 D4 D3 D2 D1 DO

xeve| o | o | e | ome | Mg | vy | oy | M ]yg&(VADDR/WRITE
XFYc | B, | Bs | Bs | Bs | Bs | B, | B, | LSB ]é/ADTA Lo READ
0 0 0 MSB A/D
9 _ EAD
XFYD [BUSY [ttt Bro | By | Ba ]DATAHI REA

NOTES: 1. X AND Y ARE USER SELECTABLE.
2. BITS SHOWN AS B HAVE THE UPPER VALUE FOR UNIPOLAR CODES

AND LOWER VALUE FOR 2's COMPLEMENT.
3. THE SYMBOL ¢ MEANS THE BIT IS IGNORED.
4, BUSY BIT EQUALS 1" DURING CONVERSIONS AND 0" WHEN DONE.

Figure4.18. Memory map for microcomputer analog-input subsystem.

I/0 Port Addressing. In the I/O port mode of operation, the RTI-1260 card
occupies three consecutive ports in either an 8-bit or 16-bit port image. The
port address is determined by on-board jumpers which can be configured to
begin at any 16 port boundary. Since the RTI card is treated as a group of
I/0 ports, simple input and output instructions (INP, OUT) can be used. Port

addressing eliminates the need to allocate memory when interfacing to the
STD Bus.

RTI-1262 Analog Output Card Memory Map. The RTI-1262 uses 8 of the
16 contiguous bytes, assigned as shown in Figure 4.19. Since the byte addres-
ses for the RTI-1260 and RTI-1262 are different, an input-output card pair
require only a single block of memory.

D/A DATA: Two bytes are assigned to each of the four analog output chan-
nels. The digital data is written for each DAC in right-justified format, with
the 8 least-significant bits in the lower address byte and the 4 most-significant
bits in the upper byte. The DAC is double-buffered for one-step DAC updat-
ing; data for both bytes is loaded into the DAC only when the high byte is
written to.

I/O Port Addressing. In the I/O port mode of operation, the RTI-1262 card
occupies eight consecutive ports in either an 8-bit or 16-bit port image. The
port address is determined by on-board jumpers which can be configured to
begin at any 16 port boundary. Since the RTI card is treated as a group of
I/0 ports, simple input and output instructions (INP, OUT) can be used. Port

addressing eliminates the need to allocate memory when interfacing to the
STD Bus.
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BYTE
ADDR. DATA FORMAT FUNCTION OPER,
7 N /7 Y ran N /7 A Y
D7 D6 D5 D4 D3 D2 D1 DO
\
XFYO| B; | B | Bs | B4 | Bs | B, | By | LSB E(/)A DATAO \writE

\
XFY1| ¢ | ¢ | ¢ | ¢ |msB| By | By | By |[B/APATAC wryte
7/

XFY2 | By | Bg | Bs | Bs | By | By | By |LsB [|DAADATAT ypyre

xkva| ¢ | 6 | ¢ | ¢ |msB| Byg | By | Bg :a{A DATAT wRITE

XFva | B, | Bs | Bs | By | By | B, | By | LSB \ D/ADATAZ yri1E
/

xfvs | ¢ | ¢ | o | ¢ |[msB| B | By | Bg ) DIADATA 2 pirite
P

XFY6 | B; | Bs | Bs | By | B3 | B, | B | LsB : D/ADATA S ywriTe

xevi| 6 | ¢ | 6 | ¢ |wmse| B | By | B ) D/ADATAS weite

NOTES: 1. X AND Y ARE USER SELECTABLE,
2. THE SYMBOL ¢ MEANS THE BIT IS IGNORED.,

Figure 4.19. Memory map for microcomputer analog-output subsystem.

4.3 SERIALINTERFACING

We’ve shown some of the ways analog information can be handled in its trans-
lation to digital and in the interfacing of the resulting digital information with
a processor bus. This approach makes the most sense if the source of analog
information is electrically and physically near the (host) processor. If, on the
other hand, the data must be carried through an electrically noisy environ-
ment, if data and control signals must be transmitted over distances greater
than a few meters, or if the data must be interfaced with terminals, communi-
cation links, or computer ports in a standard format, immediate conversion
to some form of digital or pulse transmission employing a standard format and
aminimal number of wires is strongly desirable.

Perhaps the simplest and most obvious approach is the use of a voltage-to-fre-
quency converter (VFC), a device that produces a (usually asynchronous) out-
put train of pulses or square waves at a frequency proportional to the input
voltage or current (see Chapter 15). V/F converters offer high resolution at
low cost, in common with other integrating methods. A v/f converter can con-
tinuously track the input signal without the need for clock pulses, convert-
command signals, or any form of external logic. The direct count of its output
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pulses, over a measured time period, can produce a binary or BCD digital
number, which represents the average value of the input during the counting
period (Figure 4.20).

100mV TO VI
0 COUNTER
HIGH-IMPEDANCE v CONVERTER (2-SECOND  {~=—CONTROLS
LOW-LEVEL 100kHz TIME BASE)
INPUT AD650
DIGITAL
ouTPUT

Figure 4.20. V/F converter, used as a nearly 18-bit binary (5 2 BCD) a/d converter,
Resolutionis 1 pulse in 200,000, or 0.05% of smallest input signal (or 5ppm of full scale).

The VFC pulses require but a single wire-pair for transmission, unlike paral-
lel converters, which—for n bits—require at least n + 1 wires, or synchron-
ous serial converters, which require a form of clock signal. The v/f converter
may share a local power source with a transducer and may be optically coupled
for high common-mode isolation (Figure 4.21).

ISOLATED
POWER SUPPLY
ORBATTERY

+Vs

COUNTER/
DISPLAY

@ VFC

—02 6042

—| 1f

OPTO-COUPLER

500V DCTO 1500V DC

Figure4.21. Optically isolated a/d conversion.
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THE AD537 CAN BE USED FOR TRUE TWO-WIRE OPERATION, AS SHOWN HERE,

THE FREQUENCY INFORMATION IS TRANSMITTED AS A CURRENT SIGNAL ON THE SUPPLY LINE
TO THE DEVICE. THE SIGNAL IS CONVERTED TO A DTL/TTL OR CMOS-COMPATIBLE SIGNAL

BY THE SINGLE-TRANSISTOR-TERMINATION CIRCUIT SHOWN. THE EXCELLENT SUPPLY
REJECTION, HIGH OUTPUT-DRIVE CAPABILITY AND SQUARE-WAVE OUTPUT FROM THE ADS37
ARE ALL ADVANTAGEOUS IN THE APPLICATION,

Figure 4.22. VFCtwo-wire operation.

Or alow-power-drain integrated-circuit v/f converter, such as the AD537, can
use the two-wire link both to obtain its excitation voltage and to furnish an
output-current pulse train, as Figure 4.22 shows. This avoids the need for
local excitation. The current signal is converted to a DTL/TTL or CMOS-
compatible signal by the single-transistor termination circuit shown. The ex-
cellent supply rejection, high output-drive capability, and square-wave out-
put from the AD537 are all advantageous in this application.

The outputs from a number of AD537 VFCs may be multiplexed onto the
same counter in random order by connecting their collectors together (sharing
a single pullup resistor), and their emitters to the open collectors of a 1:N ad-
dress decoder. Opening all gates but the one selected will cause its output
pulse train to appear at the common collector terminal.

If a readily available pulse-to-fiber-optic cable driver, and the cable, are sub-
stituted for the photocoupler and transmission wires in the scheme of Figure
4.21, the VFC solves many interesting and difficult problems. These poten-
tially include total isolation from up to millions of volts of common mode (HV
transmission lines and atmospheric electricity), elimination of EMI (elec-
tromagnetic interference), privacy, light weight, small size, and—as time pas-
ses—lower cost,

VFC output pulses also lend themselves to acoustic transmission through
water (or air), as well as to the modulation of RF or microwave carriers. A
square-wave output, such as that of the AD537, is desirable. When using
VFCs with narrow constant-width output pulses (e.g., the AD650 and
ADVFC32, or the older Models 450 and 460), the output signal should be con-
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verted to a 50%-duty-cycle square wave with a divide-by-2 flip flop prior to
driving the ultimate transducer or modulator. This maximizes noise immun-
ity and minimizes pulse degradation.

Although VFCs are low in cost and simple to apply in uncontrolled operation,
they have shortcomings that may be serious in data-acquisition systems em-
ploying serial transmission. Principal among these is the absence of “hand-
shaking,” that is, they are not readily controlled, and their format is not very
suitable for the interchange of information. Furthermore, the time required
for a complete conversion cannot easily be shared for transmitting other infor-
mation over the line in either direction.

Much more desirable is a means of transmitting measurements and control
signals in an economical format, at will, bidirectionally over (for example) a
two-wire pair to permit interfacing with data teletypewriters or other human-
operated data terminals, as well as minicomputers, microcomputers setc, This
can be accomplished by the use of a standard coding and serial asynchronous
word format (ASCII), and serial communication via 20-mA loops and RS-
232Csystems.

4.3.1 ASCII

The key to such communication is ASCII, the American (National) Stan-
dard(s Institute) Code for Information Interchange. It is the most widely used
code for transmitting alphanumerics and special characters, as well as control
characters of undefined appearance. It may be found in teleprinting, comput-
ing, and instrumentation. There are 128 characters in the ASCII system,
transmitted in serial or parallel as a 7-bit digital word. Table 4-3 lists all ASCII
characters, with their decimal and hex equivalents.

Digital Panel-Instrument Communication. An example of the use of ASCII
for transmitting the results of a measurement may be found in the communi-
cation capabilities of the AD2051 “smart” digital thermocouple thermometer
(Figure 4.7). It has a character-serial ASCII output and optional TTL serial
orisolated full-duplex 20mA serial output.

Character Serial: Inthe AD2051’s character-serial transmission, each charac-
ter is transmitted serially to a printer or terminal on a 7-bit parallel data bus—
along with a Strobe line that carries a pulse that goes low when the data for
each character becomes valid. A complete transmission consists of nine char-
acters, as follows:

Polarity, + or —

Four consecutive characters representing temperature (or EEEE for over-
range)

Character space

Temperature scale, Cor F

Carriage return signifies end of data & left-justifies column

Line feed advances printer or terminal to next line.
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Character Value Character Value Character Value
Decimal Hex Decimal  Hex Decimal Hex
NULL 0 00 * 42 2A T 84 54
SOH,CTRLA 1 01 + 43 2B U 85 54
STX,CTRL.B 2 02 s 44 2C \'% 86 56
ETX,CTRLC 3 03 - 45 2D W 87 57
EOT,CTRLD 4 04 . 46 2E X 88 58
ENQ,CTRLE 5 05 / 47 2F Y 89 59
ACK,CTRLT 6 06 0 48 30 Z 90 5A
BELL,CTRLG 7 07 1 49 31 [ 91 5B
BS 8 08 2 50 32 \ 92 5C
TAB 9 09 3 51 33 ] 93 sD
LF 10 0A 4 52 34 N 94 SE
VT 11 0B 5 53 35 « 95 SF
FF,CTRLL 12 0C 6 54 36 SPACE 96 60
CR 13 0D 7 55 37 a 97 61
SO,CTRLN 14 0E 8 56 38 b 98 62
SI,CTRLO 15 OF 9 57 39 c 99 63
DLE 16 10 : 58 3A d 100 64
DC1 17 11 H 59 3B e 101 55
DC2 18 12 < 60 3C f 102 66
DC3 19 13 = 61 3D g 103 67
DC4 20 14 > 62 3E h 104 68
NAK,CTRLU 21 15 ? 63 3F i 105 69
SYN,CTRLV 22 16 @ 64 40 i 106 6A
ETB,CTRLW 23 17 A 65 41 k 107 6B
CAN,CTRLX 24 18 B 66 42 1 108 6C
EM,CTRLY 25 19 C 67 43 m 109 6D
SUB,CTRL Z 26 1A D 68 44 n 110 6E
ESC 27 1B E 69 45 [ 111 6F
FS 28 1C F 70 46 P 112 70
GS 29 1D G 71 47 q 113 71
RS 30 1E H 72 48 r 114 72
Us 31 1F | 73 49 s 115 73
sp 32 20 J 74 4A t 116 74
! 33 21 K 75 4B u 117 75
» 34 22 L 76 4C v 118 76
# 35 23 M 77 4D w 119 77
$ 36 24 N 78 4E X 120 78
% 37 25 0 79 4F y 121 79
& 38 26 P 80 50 z 122 7A
! 39 27 Q 81 51 { 123 7B
( 40 28 R 82 52 i 124 7C
) 41 29 S 83 53 } 125 7D
~ 126 7E
del 127 7F

Table 4.3. ASCllcharacter chart.
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In order for digital data to be transmitted on the bus, a Request input must
bring the REQ line Low at a time when an output digital transmission is not
occurring. If REQ remains Low, the results of each measurement will be
transmitted continuously.

With the AD2051 connected to a low-cost printer, having a standard ASCII
input format (Figure 4.23), an economical single-channel data logger can be
assembled. A print-inhibit switch may be used to operate REQ so that only
selected measurements are logged.

PRINTER

ASCil
DIGITAL QUTPUT

AD2050/AD2051

STROBE

REQ 1L g\
INHIBIT
PRINTING

Figure 4.23. Interfacing digital thermometer to printer.

20-mA Current Loop, Bit-Serial, Full Duplex: A typical 20mA regulated half-
duplex current loop is shown in Figure 4.24. A regulated 20-mA current
source provides current for the loop. The current flows through receivers,
transmitters, teletype machines, etc., so long as the switches are closed. When
any of the devices on the line causes a switch to open, the current stops flow-
ing, and all receivers on the line detect the level change. If a switch opens and

+ RECEIVER

Von <55V E

20mA - /TRANSMITTER
= A TELETYPEWRITER
TWISTEDPAIR |
UP TO 10,000 FT. RECEIVER
+

TRANSMITTER

2N2222

OR
LOOP SUPPLY EQuUIv.
VOLTAGE:
+12V TO +20V
UNREGULATED
AT = 30mA

12092

Figure 4.24. 20-mA current-loop data transmission.
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closes a number of times, it will transmit a coded message to all enabled receiv-
ers; and the code, when decoded, will provide whatever information it repre-
sents and will cause whatever subsequent actions are appropriate.

A full-duplex loop consists of two current loops, one for transmitting, the
other for receiving. This permits a device to receive a message while it is
transmitting.

In the serial format, the bits that define an ASCII character are sent serially,
as an asynchronous train of binary levels, LSB first. As noted above, the first
bit of a transmission is initiated by turning off the current (0); this is the Start
bit. Then, the seven ASCII data bits are transmitted (current on—1, current
off—0). The data bits may be followed by an eighth (Parity) bit. Finally, two
or more Stop bits indicate that the character transmitted has ended, and
the output remains high until the next character is to be transmitted
(Figure4.25).

@ oo
= = % e =
Ipf20mA & = N @ < 0 0N~ g %
i—.tl':|’:'t|':'t|t ' ] P === =9
W 00,0 00,0 ,0,Mm Icn
=g ! [l | [l | ] ] [} ]
4 8 1 A1 b A ¢ ] -

Figure 4.25. Typical ASCIl code format for serial transmission.

Figure 4.26 shows how an AD2051 digital thermocouple meter communicates
with a host computer or terminal using full duplex. A request for information
is sent on the lower loop to the device’s SERIAL INPUT terminals; the data
transmission is sent back via the serial output terminals. A transmission can

FAST/SLOW RI;Q
S

SO~

B

20mA DATA
LooP

—
HOST

AD2050/AD2051 COMPUTER

—_ e

20mA CONTROL
Loop

=

O+

up TO

S
= 10,000 FEET

Figure 4.26. Four-wire full-duplex operation of digital thermometer.
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also be initiated locally—at the meter—via the REQ line. There are two
choices for the information rate, 300 baud (bits/second), or 1,200 baud. The
tradeoff is information rate vs. maximum distance—10,000 feet at 300 baud,
4,000 feet at 1,200 baud.

4.3.2 RS-232CAND OTHER STANDARDS

In addition to current-loop transmission, over a minimum number of wires
and fairly long distance, there is a form of voltage transmission of ASCII char-
acters or other serial data, for distances up to 50 feet, involving a standard
connector and the possibility of a variety of control and handshaking options,
employing a number of additional wires.

For a peripheral device, such as a data-acquisition system, to send informa-
tion back to a host computer, there are three things that must be consistent
on both sides of the interface:

1. The method of encoding the information at the sending end and decod-
ing it at the receiving end must be the same.

2. The signals used must correspond, with respect to voltage levels, tim-
ing, and sequence of signalling.

3. The connectors used must physically match.

The RS-232C Standard (C is the most recent revision), published by the Elec-
tronic Industries Association, is one of several standards* that specify some
of the factors associated with these three areas; other factors are matters for
agreement between companies supplying compatible equipment.

Further discussion of RS-232C is beyond the scope of this book. However,
it is important for the reader to understand that, while the RS-232C standard
is by far the most-common method of interconnection for computer-related
electronic equipment, the term, “RS-232C-compatible’ does not mean that
all you have to do is plug the equipment together for everything to work. Prob-
lems can arise with the selection of parity, baud rate, and number of bits, and
with the wiring of data and control lines with the up to 25 assigned wires. Syn-
tax problems between more-complex RS-232C-compatible devices can also
occur.

Compatibility with standards such as RS-232C is a desirable feature for all sys-
tems-level data-acquisition equipment that must interface with peripherals,
such as terminals or printers, and host computers. MACSYM, the wMAC-
5000, and the uMAC-4000, mentioned earlier, are RS-232C compatible, and
the AD2051’s isolated current-loop output can be translated to an RS-232C-
compatible voltage format,

*R8-232C is applicable for short distances and low baud rates. For longer distances and higher baud rates, such
standards as RS-422 and RS-423 are employed. For example, MACSYM 150 communicates with MACSYM 200
viaan RS-422 link,
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4.3.3 COMMUNICATIONS PROTOCOLS

We have seen that the AD2051 smart thermocouple thermometer communi-
cates its output via a single 9-character word, in response to a simple digital
stimulus. In the case of a multi-channel data-acquisition subsystem, which
acquires analog and digital data, and can furnish analog and digital outputs
to the outside world under the instructions of a terminal or a computer, the
digital instructions it receives and the way it responds to them are a little more
complex. In the case, of the puMAC-4000 single-board Measurement-And-
Control subsystem, communication protocols are employed.

The wMAC-4000 measurement-and-control subsystem receives its instruc-
tions from a host computer, and communicates data upon request. Communi-
cation with the host is via a serial input/output port, which contains a full-
duplex universal asynchronous receiver/transmitter (UART). The serial
input-output may be jumpered for either 3-wire RS-232C communications or
4-wire full duplex.

A data-communication protocol specifies the format in which data is transfer-
red. The uMAC-4000 employs two types of protocol (“‘C” and ‘“T”’) to com-
municate with any host Computer or Terminal. The “C” protocol is designed
to be used with computers and controllers, where communication efficiency,
reliability, and adaptability to a wide variety of host systems are necessary.
The “T” protocol, which uses simple, English-like commands, is designed
for use with CRTs and teletypewriter terminals, for familiarization, debug-
ging, system calibration, and manual control.

The wMAC-4000 will reply (only) in response to a command received over
the serial link; this is known as command/reply (prompted) operation. Data
is transmitted and received in standard ASCII format for each character, con-
sisting of a start bit, 7 data bits, a parity bit, and one or two stop bits.

Command Sets. It is easy to operate the uMAC-4000, because the on-board
microcomputer is programmed to respond to a simple command set. Through
it, the host can delegate all measurement and control functions to the u MAC.
The command set includes commands for transmitting analog and digital
data, setting the digital output bits, activating channels, setting limits, and
modifying the protocol.

“C” Commands Figure 4.27 shows typical examples of commands (a) and
responses (b).

The command instructs the w MAC-4000 to scan and transmit the latest data
from channels 0 through 3 (47 channels max) of cluster (WMAC and acces-
sories) number 2 (7 clusters max).

The carriage return of the command initiates the response. The first word is
an indication of system status (errors, exceeded limits, backup power supply,
etc.) Then follow the data words requested, and finally a checksum, the sum
of the numerical (hexadecimal) values of the preceding ASCII characters
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* 00: +00.323/ +02.409/ -00.458 +05.292: EB

SYSTEM
STATUS

CHANNEL 0
DATA FIELD

CHANNEL 1
DATA FIELD

CHANNEL 2
DATA FIELD

CHANNEL 3
DATA FIELD

CHECKSUM

a. Typical command.

¥ 2: SCA/ 0/ 3: (cr)

INITIATES COMMAND —I I
CARRIAGE RETURN

REQUEST AND
CLUSTER # ' TERMINATION
ANALOG DATA TRANSMIT
COMMAND

STARTING CHANNEL

LAST CHANNEL

b. Typical response to the above command.

Figure4.27. Command and response using “‘C" protocol.

modulo 100y, (256). At the completion of the response, the . MAC-4000 gen-
erates a carriage return and line feed; in addition, a carriage return is also gen-
erated for each eight data fields.

“T” Commands A typical ‘“T”’ command might be

CHANNEL 17 (cr)

This command requests the uMAC-4000 to transmit the latest data from
Channel 17. A typical reply might be

CH17 = +0024.7

If a thermocouple is connected to this channel, this response might indicate
atemperature of +24.7°C.

The key feature of this protocol scheme is the small amount of software neces-
sary to support an intelligent system. It permits easy implementation by hosts
using high-level languages (FORTRAN, PASCAL, BASIC), and it is easily
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debugged. Software drivers, available for a variety of popular computers,
make it unnecessary for the user to write special programs. For example,
when the appropriate software drivers are used (Model AC1820) the list in
Figure 4.28 contains (1) the entire APPLESOFT BASIC subprogram to read
a temperature at one location and (2) the response to the RUN command.

LTSET 20, 130

30 TN$ = "O"iTRe = "3
PO GIEUE A108038 REM INCTIALIZE WALLES
10O TN$ = "1": REM  SELELCT CHANNEL 1

110 GeslE 1260 REM TNVORE CHAMMEL 1 READ

120 PRINT "TEMPL= "+ TE$ + " DEGREES 0
REM  DEsELAY RESOLTS

120 =MD

JRUN

TEME L= +0025, 4 DEGREE S O

Figure 4.28. Display of program LIST and results of RUN, using Apple ll computer and
software drivers with single-board measurement-and-control subsystem.

Since the wMAC-4000 retains the updated data in memory, the response ap-
pears immediately after the RUN is executed. A scan of a number of tempera-
tures is almost as simple and as quickly executed.

4.4 CONCLUSION

We have summarized in this chapter a variety of means of implementing con-
verter-interface functions in terms of standard readily available products, at
the various levels of system involvement that are likely to concern our readers.
More information on any aspect of this discussion is no farther away than the
manufacturer’s nearest applications engineer.



Chapter Five

Analog Functions with
Digital Components

The world of analog system designers employs numerous circuit tricks to per-
form operations on voltages and currents—with op amps, multiplier/dividers,
filters, phase shifters, function generators, etc. The availability of converters
and fairly simple digital hardware and firmware greatly enlarges this bag of
tricks (without even including the contributions of computers, software, etc.,
which are considered in great panoply elsewhere in the book).

The term “analog” is commonly understood in two contexts, one valid and
one less-than-convincing: “analog” in the sense of dealing with measurable
real-world quantities rather than abstract digital numbers; and ‘“‘analog” in
the sense of smooth, or at least continuous (derivatives existing nearly every-
where), vs. discrete (sampled or quantized), signals or relationships between
inputs and outputs. We contend that, when used in the latter sense, the term
discrete also connotes analog (measurable) quantities, but in a bridging state
between analog and digital. '

There have been a few excellent books on the applications of operational am-
plifiers, fewer on the applications of op amps and analog function modules,
and virtually none on the use of digital and interface components (converters,
counters, shift registers, etc.) in the service of analog relationships.

There are many excellent auguries favoring an intimate, long, and happy mar-
riage between the two tribes. Analog devices are cheap, plentiful, and capable
of a great deal of functional versatility; an increasing number of digital devices
(including CPUs) are also cheap, plentiful, and capable of a great deal of func-
tional versatility. The reasons there has been little apparent intercourse be-
tween them are twofold. Interface devices, such as A/D and D/A converters
have heretofore been too expensive to be wasted as components (old-timers
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will remember the days of $227 op amps and $50 transistors). But more impor-
tant—practitioners who volubly embrace the tricks of both trades have re-
mained either extremely rare or well-hidden.

This chapter is in no sense intended as an encyclopedia (in either breadth or
depth) of such connubia (i.e., “hybrid”) circuits; that volume is yet to be
written. Rather, the few representative items included here are intended to
be suggestive of what is possible, and to stimulate the reader to bring creative
faculties to bear on new ways of looking at problems that may have been con-
ceived of as being strictly “analog” or “digital.”” For those already laboring
in the vineyard, there will be no revelations, but perhaps there is something
a little new ot different to make a scan worthwhile. The circuits are presented
in the form of independent modular panels that stand alone (‘‘bite-size mor-
sels,” to aid digestibn). The selected examples are:

SOURCES

Dlgltally Controlled Voltage Source
Manual Digital Inputs
Thumbwheel BCD switch
Toggle-switch register
Digitally-Controlled Current Sources
“Current-output” DAC
Current gain: floating load
Current gain: buffered load
Current to grounded load
4-t0-20-mA Current Generator

SCALEFACTORS AND MODULATIONS

Digitally-Controlled Direct Gains

Digitally-Controlled Inverse Gains

Logarithmic Scale Factors

High- Prec1sxon Analog Multiplication
. or Division

FUNCTIONAL RELATIONSHIPS

Analog Functions with Memory Devices
Sinusgi(j(a}l Input-Output Relationships

TRIGONOMETRICAPPLICATIONS

Digital Phase Shifter
Digital/Resolver Converter (Resolver Simulator)
Coordinate Conversion
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WAVEFORMS

Sawtooth

Triangular-Wave

Sinusoid

Digital-to-Frequency Conversion
Frequency Multiplication and Division

FUNCTIONS OF TIME

Precision Analog Delay Line
Tapped Delay Line
Serial Delay Line

DIGITAL SERVO DEVICES

Tracking Sample-Hold (A/D Converter)
Digital Pulse Stretcher ,

Digital Peak-Follower (with Hysteresis)
Automatic Set-Point Circuit

AFINAL NOTE: Softwarevs. Hardware

5.1 SOURCES

DIGITALLY CONTROLLED VOLTAGE SOURCE
(or Precision Power Supply)

A well-calibrated internally referenced d/a converter is probably the simplest
available source of arbitrary precision voltages. Turn on the power, set the
digital input, and expect (and receive) the voltage you asked for. With a 10-bit
converter, resolution is 0.1%; with a 12-bit converter, 0.024%; and with a 16-
bit converter, 0.0015% (15 ppm).

Let it be driven by a computer, and you have a ready supply of voltage for
fast or slow automatic testing, Set it manually (with a “toggle-switch or DIP-
switch register,” or with BCD thumbwheel switches), and it’s a convenient
“volt-box,” or a handy reference source. Or set it permanently by hard-wiring
its logicinputs. No resistors or pots necessary!

If its output op amp doesn’t have adequate output current, follow it with an
inside-the-loop current booster. Feedback to the built- in amplifier-feedback-
resistor will make the output virtually independent of the booster’s dc charac-
teristics. It can be followed with an op amp having higher-voltage output and
precisely set fixed gain, if high voltage is needed. Doing this outside the
DAC’s loop protects the converter’s circuitry (including the low-voltage digit-
al components) from accidental exposure to fault voltages.

Because the setting is done digitally, in either serial or parallel, the voltage
can be set from a distant location, or in the presence of a fair amount of electri-
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cal noise, relying on the inherently high noise immunity of digital signals (at
the cost of additional wire for parallel circuits). If noise pickup is not a major
factor, it is interesting to note that in some cases the switches can be closed
“passively,’ i.e., to the power-supply return for <0, left open for “1°°.* The
serial-input AD7543 may permit remote voltage (or gain) settings, with mini-
mal wiring, when appropriately pulsed.

TO QUTPUT AMPLIFIER

v REF. FEEDBACK RESISTOR
N A ' l BOOST
D'?,\',Tﬁ" - BOOSTED
PUT -
FROM —_—]} D/A \st— NORMAL OUTPUT
COMPUTKE ] CONVERTER | —of o
OR MANU NORMAL
SWITCHES / OUTPUT CORRENT
BOOSTER
VOLTAGE
OUTPUT
VouT = NVR
MANUALDIGITALINPUTS

All that is needed to obtain a given output voltage from a D/A converter is
to close the appropriate switches. Human beings usually prefer base-10 num-
bers or BCD coding, despite the fact that it throws away inherent binary reso-
lution at the rate of 2-bits-out-of-12 (12 BCD = 1/1000, 10 BIN = 1/1024).

Thumbwheel-Switch Encoder

A thumbwheel-switch encoder is the simplest way for the operator, especially
one who is mathematically unsophisticated, since the base-10 number can be
set directly, and all the appropriate switches are automatically closed. A D/A
converter with BCD coding should be used. The switch points that are “0”
(positive true) are connected to ground; those that are ““1°* are either left open*
or connected to + Vg (but be sure to use a break-before-make switch).

The first figure shows the principle for one decade of thumbwheel switchery
(““1”” open). If the converter has complementary BCD coding, the complemen-
tary switch connections should be used. A complete circuit arrangement em-
ploying a BCD d/a converter is also shown.

BCD
D/A
CONVERTER

Vout

—
i
!
]

TENTHS DECADE
(ONE SET OF GANGED SWITCHES PER DECADE) HUNDREDTHS

*“Pull-up” resistors, connected between each digital input and the positive supply, ensure that when the switch
isopen, the input to the DAC will indeed be “1”°.
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+18V
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Toggle-Switch Register

The toggle-switch register is physically more elementary, and it may be
used with either binary or BCD-coded DACs. It does require some calcula-
tions, though, especially for binary settings. As an aid to calculation, two
tables are given, one for BCD (the same table is used for each digit), and one
for binary equivalents of representative decimal fractions of full scale.
Interpolation is performed by adding or subtracting an appropriate set of
terms (binary rules) to form the desired sum (for example, 0.52 =
0.5 + 0.02 = 0.1000 0101 0001 1110,.) Note that multiplication or division
by 2 simply moves a number one place to the left or right: by 4, two places
left or right, etc.

SWITCH CODING
FOR EACH BCD QUAD

Oo7t|2|3lalsle|7|8(9
1
ao|ofo(clo|jo|ofojl|i]==—== ==~ —0 mMSB
- | acp 1
olojojolt|r|1|1io]0]~——= == "“O\_CONS/E‘}%TER
—+—  TENTHS < 1
ojo|t{r|ojo|t|1|o|Of=——m=— — ’—0\———
L || 1
oftjoftjojtfo|1fo] = = = == >—o¥ BINARY
\ 1 OR e
( ’_'0\_' BCD Vour
>_1\_._
BCD s N {POSITIVE
HUNDREDTHS ~
P——0 TRUE)*
1
IF CONVERTER OPERATES WITH L o~
COMPLEMENTARY LOGIC, PERFORM
COMPUTATIONS THE SAME WAY, I | {
BUT USE COMPLEMENTARY 1 |
SWITCH SETTINGS. _L
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For unipolar binary coding, the digits to the right of the “‘decimal’’ point form
the code, MSB leftmost. For bipolar 2s complement, divide the magnitude
by two for the positive number, then complement all digits and add 1 LSB
for the negative number. For offset binary, complement the 2s-complement
MSB. (See Chapter 7 for a more-complete discussion of coding and conversion

relationships in bipolar DACs.)

BINARY EQUIVALENTS OF DECIMAL FRACTIONS

0.8
0.5
0.4
0.25

0.2
0.125
0.1
0.08

0.0625
0.04
0.02
0.01

0.008
0.004
0.002
0.001

0.0008
0.0004
0.0002
0.0001

Analog Functions with Digital Components

MSB

0.1100 1100
0.1000 0000
0.0110- 0110
0.0100 0000
0.0011 0011
0.0010 0000
0.0001

0.0001 0100
0.0001 0000
0.0000 1010
0.0000 0101
0.0000 0010
0.0000 0010
0.0000 0001
0.0000 0000
0.0000 0000
0.0000 0000
0.0000 0000
0.0000 0000
0.0000 0000

1100
0000
0110
0000

0011
0000
1001
0111

0000
0011
0001
1000

0000
0000
1000
0100

0011
0001
0000
0000

1101
0000
0110
0000

0011
0000
1001
1010

0000
1101
1110
1111

1100
0110
0011
0001

0100
1010
1101
0110

- O O = (=R el - - OO0 o -0 0

-0 0O =

Converting Base 10 Number to Binary Switch Setting — Two Ex-
amples (12-Bit Conversion):

1. +0.9FS (=0.5FS+0.4FS)

0.5
+0.4

0.9

Code:

0.1000 0000 0000

+0.0110 0110 0110

0.1110 0110 0110
1110 0110

0110, StraightBinary
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2. —0.6FS, 2s Complement (Note: 0.6 = 0.5+0.1)

0.5 0.1000 0000 0000
0.1 +0.0001 1001 1001
0.6 0.1001 1001 1001
Code: 1001 1001 1001, Straight Binary
x1/2 0100 1100 1100 Scale Expansion

Compl. 1011 0011 0011 OnesComplement
+1LSB 1011 0011 0100, Twos Complement

DIGITALLY CONTROLLED CURRENT SOURCES

Many analog current sources have been developed with the variations that
provide such diverse advantages as low cost, simplicity, ability to transmit an-
alog information over distance with reasonable noise immunity, ability to
ground the load, etc. In conventional all-analog circuits, the original control-
ling input, if constant, is derived typically from a precision potentiometer,
zener diode, or other reference—and if variable, from a sensor or signal con-
ditioner. However, availability of versatile D/A converters now permits con-
venient digital control of current values, making, for example, programmable
current supplies and digitally controlled current transmitters an inexpensive
reality. As with voltage sources, the adjustments may be performed by either
acomputer or a human operator. They may be purchased as complete entities
(see Figure 3.14 for a sophisticated example) or wired by the circuit designer.
These are a representative few among the many ways of accomplishing cur-
rent dI‘lVC

“C urrem-Output” DAC

An ordinary d/a converter specified as a current-output DAC would appear
to be the simplest form of digital-to-current output source. However, most
such devices are unsatisfactory as current sources because they generally have
appreciable internal admittance “looking back,” and this admittance (and the
load) must be included in computations of the share of current reachmg the
load. In addition, there may be stringent limitations on voltage swing (com-
pliance voltage). For this reason, current-output DACs are almost always used
with the load in the feedback path of an op amp. The DAC drives the inverting
input terminal, which is normally at zero potential, thus imposing negligible
loading error. However, devices such as the AD561 (see Figure 9.14), w1th
active-collector current outputs, may be treated as true current sources over
the rated compliance-voltage range. ‘ \

The output resistance of DACs made up of quad current sources is often in-
troduced by the resistive dividers used for attenuation of less-significant-bit
currents (see Figure 9.11 and accompanying text). For applications in which
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a restricted number of discrete values of current (say 16, at equal intervals)
are required, one can construct a highly precise fast current-output converter
with high internal resistance, using a quad current switch.,

-
N - "
pu—— —
DIGITAL —]
INPUT: —] D1 Ro o
COMPUTER == -ONVERTER [,=
OR —] lout r
MANUAL —] -

Current Gain— Floating Load

In this application, a load that has both terminals available is connected be-
tween the amplifier output terminal and the return lead of the feedback resis-
tor. The attenuation introduced by Ry, if used, produces current gain. If the
amplifier’s output current is inadequate, a unity-gain current booster may be
used, inside the loop (BF). For large currents, a separate booster supply
should be used, with only the Ry pickoff point connected to the converter’s
analog ground. : ‘

DIGITAL
INPUT

D/I
CONVERTER

[ ]=

_lout Re

Rm
INTERNAL OR EXTERNAL -
OP AMP :5 —

Current Gain— Buffered Load

For applications in which the amplifier’s output range imposes serious restric-
tions on the kind of load that might be driven, a field-effect transistor (FET)
with the load in its drain circuit allows a wide range of voltage swing (com-
pliance voltage) for the load. Examples of loads that might be driven
in this manner are CRT deflection coils, motor windings, chart-recorder pen
drives, etc. '
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v I

Rm

.l |out RF 4 IoutRF

f— -

DIGITAL — Dl R
INPUT — CONVERTER ~ IL = lout B+
LOAD
R
I = lout ﬁ +1 S
(BOOSTER)
Current to Grounded Load

There are a number of ways of driving current to a grounded load, all of which
employ both positive and negative feedback to measure and control the cur-
rent. One example, using a voltage source and two operational amplifiers, is
shown here. Amplifier A1 measures the difference voltage across Ry (direct
from the top and inverted from the bottom via A2) and sets it equal to the
DAC’s Vyu:, thus forcing a current V,/Rpy through the load. In the general
case, the resistor ratios can be adjusted for scaling, the drive could be from
a current source, boosters could be used (at point “BF”’) etc. As with all opera-
tional-amplifier circuits having complicated (or even simple) dynamics, atten-
tion should be paid to dynamic stability: feedback capacitors may not be as
helpful as capacitance shunting the load.

N
DIGITAL — D/A
INPUT ——] CONVERTER
- Vout Vi Vi - I Rm
0=—3 "R Y TR

4-to 20-mA Current Generator

The current loop is a popular way to avoid the effects of voltage drops and
minimize noise-voltage pickup due to interference when transmitting signals
over moderate distances. The circuit on the next page illustrates one way to
generate a digitally controlled 4-to-20mA current that is independent of the
load resistance. The output current is equal to 4 mA + (D X 16 mA), where
D is the fraction of full-scale output range represented by the digital input.
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With a 10-bit DAC, such as the AD7533, the circuit provides an output range
from 4 mA to 20 mA, with a resolution of 15 % pA. The maximum compliance
voltage of the load is +25 V, equivalent to a load resistance of 1,250Q
maximum.

The DAC’s output current flows through Q1 and R3. Operational amplifier
A2 holds the lower end of R2 at the same voltage as the lower end of R3. Since
the upper ends are connected together, they have equal voltage; therefore, the
current through R2 is equal to the current through R3, amplified by R3/R,.
The current through the Darlington follower and the load is very nearly equal
to the current through R2.

Low-frequency voltage variation in the 30-volt supply does not significantly
affect the current through the load, since A1 adjusts Q1’s output conductance
to keep the lower end of R3 at whatever voltage is necessary to maintain the
current through Q1 equal to the output current of the DAC.

R1 is used to adjust the ratio of full-scale to zero-scale current (at OUT 1) in
the ratio of 5:1. R3 adjusts circuit offset and span to provide proper values
of 0 and full-scale current, set with a given value of Ry.. Diodes D1-D4 limit
the common-mode voltage to A2, and diode D5 protects Q1 during power
sequencing.
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5.2 SCALEFACTORS

DIGITALLY CONTROLLED SCALEFACTORS

A D/A converter that accepts variable references (i.e., a multiplying DAC) can
be thought of as a digitally-controlled potentiometer or a programmable-gain
amplifier/attenuator. As such, it can be used for setting gains, either by a com-
puter or a human operator. Computer-setting might be used, for example, in
digital audio or adaptive control systems; manual setting might be employed
where the device being controlled is remote (think of it as a potentiometer
with along shaft).

The multiplying D/A converter can also be thought of as a means of modu-
lating a computer output by an analog signal. For example, if the computer
is developing a square wave, the analog signal might be amplitude-modulating
it (such an application might also be thought of as digitally weighted
sampling). t

The simplest device operates in one quadrant, with either a positive or a nega-
tive analog signal and straight binary or BCD coding. While CMOS DACs
will do this easily, even many current-source DACs, such as the AD566A,
which are usually unipolar, will accept a reasonably wide signal range (+ 1V
to + 10V) without excessive degradation of linearity.

For two-quadrant operations, there are two modes: bipolar analog and bipolar
digital. Bipolar analog operation simply requires a bipolar analog input and
straight binary or BCD digital coding. It also requires a converter that can
accept analog signals of either polarity. CMOS DACs, such as the AD7545
in the current-switching mode, are well-adapted to this form of operation,
providing wide bandwidth, good linearity, and low feedthrough. “Feed-
through” is the proportion of analog input signal that appears at the output
when the digital input is calling for zero gain.

Bipolar digital operation can involve offset-binary (or twos complement)
coding, with the output offset by one-half of the full-scale span; or sign-mag-
nitude coding (unipolar DAC), where the sign-bit switches the output polar-
ity between the direct output and an inverted version of it.

Four-quadrant operation involves a combination of circumstances: a DAC
that can respond to both bipolar analog and bipolar digital inputs in the cor-
rect polarity, with appropriate speed and feedthrough performance. Again,
CMOS DAGCs in the current mode, with an additional inverting op amp, per-
form this function with good linearity and speed, and low feedthrough.

Shown here are five basic ways (among many) that digital gain control can be
used to perform useful functions. !

1Seealso CMOS DAC Application Guide, by Phil Burton, Analog Devices (1984).
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Direct Scale Factor

These “digital potentiometer” circuits provide simple linear digital scale ad-
justment, proportional to the unipolar or bipolar digital number. The com-
parison with analog potentiometer circuits is striking. As noted earlier, the
digital number can be applied either by a computer signal or manually.

Inverse Scale Factor (Hyperbolic Gain Function)

With the DAC in the feedback loop of an operational amplifier, the gain is
inversely proportional to the digital number (Gain = 1/D, where D is the frac-
tional value of the digital number). The illustration shows a CMOS DAC, in
the inverter connection. When the input is connected via the DAC’s internal
feedback resistor, the minimum gain is nearly unity, 1/(1 — LSB). Resistance
may be added in series with the input for attenuation, so that normalized unity
gain can occur at a mid-scale value (for example, if the total input resistance
is I6R¢), the gain will be 1/(16D).

This circuit will amplify signals; however, it will also amplify noise and gain
errors, and bandwidth will be reduced as the gain increases. Also, there are
constraints required by the nature of feedback: the digital input must be uni-
polar and must not go to all-zeros; however the analog input may be bipolar.

Logarithmic Scale Factors

For the many applications where logarithmic gain control is desirable (for ex-
ample, dB steps of audio gain), a logarithmic DAC may be used. A logarithmic
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DAC (see also Chapter 16) is one for which the digital word is proportional
to the logarithm of the gain, i.e., each one-bit digital change corresponds to
a fixed ratio of gain change, hence a constant number of dB (20 log;g R). For
example, the AD7115 adjusts gain in 0.1-dB steps over a 20-dB range, while
the AD7118 adjusts gain in 1.5-dB steps over a nominal 88.5-dB range. In the
forward connection, attenuation is adjusted, and in the feedback connection,
gain, The illustration shows the analog connections of a 2 V2-digit (0 to 199)
BCD DAC that can be used for microprocessor controlled attenuation of up
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High-Precision Multiplication

Since a 12-bit multiplying DAC develops accuracies to within considerably
better than 0.1%, it is possible to make an analog-to-analog multiplier having
excellent accuracy by converting one of the inputs to digital form and using
it to control the gain of a multiplying DAC. If the ADC is ratiometric, the
output is a function of three variables. Vi should always be larger than V,,
or else overrange indication will be necessary. A sample-hold may be neces-
sary if V; varies rapidly.

The availability of fast, high-resolution digital multipliers (e.g., 16 bits x 16
bits ) may suggest the possibility of performing analog-to-analog multiplica-
tions at unheard-of speeds and accuracies. This is feasible in principle, but
when the costs of sample-holds, conversion devices, and the multipliers them-
selves are added up, it makes more sense to consider such operations in a sys-
tem context—as discussed under Digital Signal Processing—rather than as a
restricted ad hoc circuit to perform a localized function with emphasis on
simplicity and cost, which is the focus of this chapter.

h i

v FIXED-REF. MULTII/’LYING Vv
1 D/A P—— —
RATIOMETRIC VR
ome CONVERTER
L._-Ava \N v

o

...or Division

There are at least two approaches. In the first, the same scheme is used as for
multiplication, but the DAC is used in the feedback path of the output ampli-
fier, thus dividing the multiplier input (V) by the digital number represent-
ing V. Alternatively, since an A/D converter digitizes the ratio of the “input”
to the “reference”, the digital word will be the quotient and a D/A converter
will convert the ratio back to a voltage. Again, if the D/A is a multiplying type,
the output is a function of three variables.

For both of these applications, the A/D may be connected for either clocked
or free-running operation, and either the A/D or the D/A should have a regis-
ter to store the previous value and buffer the D/A during the conversion
process.

v
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5.3 FUNCTIONAL RELATIONSHIPS

The term ““functional relationship” (between two voltages/currents) implies
a black-box causal operation, ¥y = f(x), f( ) being any single-valued linear or
nonlinear realizable function. It is distinguished from a “function generator,”
which implies a time function; in a function generator, y = f(¢). By applying
a linearly-increasing function of time to a device having a given functional re-
lationship, one can create a function generator.

In analog circuitry, functions are traditionally embodied in three ways:?

1. Using a natural function (e.g., the inherently logarithmic diode charac-
teristic for log and antilog circuitry, the transconductance relationships of
transistors for transconductance multipliers, the ability of a capacitor to store
charge for integration).

2. Using diode-resistor networks to form piecewise-linear approximations
toanonlinear function.

3. Using combinations of natural functions to approximate arbitrary re-
lationships; for example, power series using multipliers to generate the x;, x3,
X4, €tC., terms.

Now that converters and memories are available at low cost, a fourth approach
becomes feasible:

4. Using memories (e.g., ROM’s singly or in groups) to store a function
digitally, and converting-in and -out with clocked or free-running A/D’s and
D/A’s, as shown in the illustration. Typical applications include trigonomet-
ric transformations, thermocouple compensators, and arbitrary functions.

nx 2™ BITS
STORAGE CAPACITY
A/D READ- b/A
VIN ——1 cONVERTER Mgn'xé\alv CONVERTER [ VOUT
N (VIn) NouT = f (VIN) Vout = f(ViN)
INPUT OUTPUT
WORD-m BITS WORD-n BITS

(ADDRESS)

Arbitrarily Programmable Functional Relationships

Functions can be purchased in ROMs or programmed (“burned”) into the
various classes of programmable read-only memories (PROMs), and used in
the relatively simple manner shown to provide continuous functional relation-
ships in real time.

2Nonlinear Circuits Handbook, Analog Devices, Inc. (1974), has many details of these methods.
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‘This approach may be favorably compared with a system approach that might
go something like this: the same analog-to-analog functions, in wide variety,
may be performed in software with computer programs written to acquire
data (Vn), using an ADC at an appropriate level of integration, retrieve the
stored equivalent value from memory (or compute it on the spot), and output
it to the DAC (Vour). If the ability to follow a rapidly varying input continu-
ously in real time is desired, this can be unwieldy and costly in terms of time
and software burden, even for a multitasking computer.

Stnusoidal Input-Output Relationships

An example of the approach is the use of a read-only memory that has
the values of sinb stored in it for 0° = 6 = 90°, Two additional digits provide
quadrant information, one to complement the input in the even-numbered
quadrants, the other to provide the output sign-change for the 3rd and 4th
quadrants. The input arrives from an angle-to-digital transducer, the corres-
ponding sinusoidal number values are developed and applied to a D/A conver-
ter, and it in turn makes the sine function available as a voltage. If the D/A
converter is a multiplying type, computations of the form Rsin are readily
performed.
QUADRANT
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QUADRANT
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iCOMP. 2,4 NEG. 3,4 10 11
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5.4 TRIGONOMETRIC APPLICATIONS
Digital Phase Shifter

The Figure shows two multiplying D/A converters used as digitally controlled
attenuators multiplying the reference signals V sinwt and V coswt by the vec-
tor components of . The difference of the outputs of the two converters is
then the quantity V sin(wt — 6), where the phase angle 6 is set by the conver-
ter’sdigital inputs.

Digital/Resolver Converter (Resolver Simulator)?

Similar to the above configuration, but having the common reference input

3Informati_on on synchro and resolver conversion can be found in condensed form in Chapter 14, and in consider-
able detail in the book, Synchro& Resolver Conversion (1980), available from Analog Devices, Inc.
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to both multipliers, V sinwt, this configuration obtains the two components,
V sinwt sin 0 and V sinwt cosd, which express resolver data for angle 6. The
resolver data can be converted into synchro format with a Scott-T trans-
former, or an equivalent network in which operational amplifiers provide the
appropriate voltage ratios. This resolver simulator can be enclosed within a
feedback loop to operate as a resolver-to-digital converter.
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Using the actual resolver line voltages V sinwt sinf and V sinwz cosf as the
converter reference inputs, and multiplying by digital equivalents to cose and
sina, an output proportional to the angular error, 6 — « (for small angular er-
rors) is developed. Operated in this mode, the configuration simulates a resol-
ver control transformer.
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Coordinate Conversion

This interesting scheme takes a vector whose coordinates are X ,Y, with angu-
lar equivalent r/#, and adds an angle of rotation, ¢, to produce a vector,
t/6+ ¢, having a new set of coordinates, X',Y’, and the same vector mag-
nitude, with maximum error less than 1°.4

It employs two multiplying DACs, a multiplexer to deal with angular inputs
in the proper quadrant, a set of precision resistors, and a handful of op amps.
The cross-fed summations embody an algorithm that provides a sufficiently
good approximation to keep the angle error within 1° and the total harmonic
distortion on the order of 1%.
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Courtesy of Arthur Mayer, U.S. Patent 3,974,367

5.5 WAVEFORM GENERATION

Linear time functions are generated digitally by clocks and counters, proces-
sed by ROM’s or puPs for arbitrary wave shapes, and converted to analog func-
tions of time by DACs.?

4See Electronic E ngineering Times, July 9,1979, Arthur Mayer, “Design a Multi-Purpose Network to Rotate Com-
plex Numbers,” and Electronics, Sept. 22, 1982, A, Mayer, “Low-cost coordinate converter rotates vectors eas-
ily,” for extended discussions of the circuit, its applications, and PROM correction schemes for eliminating the
residual errors.

5See also Chapter 6.2,
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As long as the original function (with suitable dynamic range) can be created
in digital form, then an analog output can be made to follow (within its speed
limitations). The ease of manipulation and ability to lock timing operations
to precise clocks give the digital approach considerable edge in versatility over
many analog alternatives. Deglitching and filtering may be used as (and if)
necessary to clean up the waveforms. Variable clock rates or arbitrary count-
ing schedules may be used to obtain staircases having arbitrary, instead of uni-
form, duty cycles per step.

Sawtooth Generator

This sweep generator comprises a digital clock, a counter, and a DAC. The
clock pulses increment the counter, and the sequential counter steps incre-
ment the DAC output. After the counter is full, it returns to its empty state
and starts counting again. Both amplitude and period of the sweep generator
are easily and precisely adjustable. The resolution is determined by the
number of counts and choice of d/a converter, ranging from the 16-bit
AD7546, with its 65,536 steps, down to 10- (or fewer) bit converters with
1,024 steps or less.
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Instead of being allowed to overflow, the counter in this case is an up-down
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is empty. Two approaches to reversing direction are shown. In one, the rever-
sal is generated during the full (and empty) states; in the other, it is generated
by the carry(borrow) occurring at the leading edge of the next pulse. The re-
sult, at the DAC output, is essentially a triangular-wave of precise amplitude
and frequency. With little additional logic, full-scale dwell (or dwell-and-
reversal at any level) provides trapezoidal waveforms.

Sine-Wave Generator

If the digital count is fed to a sinusoidal ROM, and its output, accompanied
by polarity information, is applied to a sign-magnitude-coded DAC, the out-
put of the DAC will be an n-bit quantized sine wave. Its frequency is deter-
mined by the clock, and amiplitude can be controlled at its destination or by
the use of amultiplying DAC.
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cL a VB,
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UD'°I/GDI$VA"LN 1-QUADRANT SIGN/
SINUSOIDAL MAGNITUDE |—=
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Digital-to-Frequency Conversion

A digital-to-analog converter and an analog voltage- or current-to-frequency
converter (VFC) may be combined to generate a pulse train with frequency
proportional to the magnitude of a digital word. If the DAC is of the multiply-
ing type, the frequency will be proportional to both the digital input and an
analog reference signal, for quadrants in which the VFC receives signals of
proper polarity. The excellent resolution of available v/f converters will chal-
lenge the highest-resolution DACs.

The frequency of a signal may also be adjusted digitally to arbitrary (including

non-integral) values by the use of a frequency-to-voltage converter, a multi-
plying DAC, and a VFC, as shown.
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5.6 TIME RESPONSES

The ability of flip-flops to rapidly acquire and store digital information at
rates (and for intervals) depending on precision crystal-controlled clocks,
without degradation over time, and the continually decreasing cost of storage
capacity, are strong motivations to seek ways of eliminating circuits employ-
ing capacitors as storage elements, with their leakage, dielectric hysteresis,
parameter drift, and nonlinearity. “Distortionless’ time delay, integration,
and sample-hold are a few targets for such effort.

Precision Analog Delay Line

There are interesting applications for good analog delay lines: analog correla-
tion, ‘“‘distortionless’ signal compression or expansion (e.g., “riding the
gain” without missing a drumbeat), electronic echo-chamber effects, analog
modeling of processes that incorporate pure time delay for predictive control,
design of filters with arbitrary transfer functions, are a few.®

But there hadn’t been a decent way of building a practical analog time-delay
device that is variable over microseconds to minutes to months, without tying
up a processor, until converters became available at low cost and FIFO (first-
in, first-out) memories became available with reasonable word widths and
stack lengths,

Active or passive filter-type delay lines were seldom ‘“distortionless,’’ analog
“bucket brigades’ had excessive leakage errors at low speeds, as well as a reso-
lution-vs.-cost problem (this latter being solved by charge-coupled MOS
high-speed bucket brigades), tape recording wasn’t efficacious at high speeds,
and the use of mainframe memory was too expensive (and bulky for portable
instruments).

In the example shown, the delay is produced by FIFO registers (e.g., 9 bits
X 128 stages). As the word resulting from each conversion is clocked into the
FIFO, the earlier words are advanced; after 128 clock pulses, each input word
emerges from the output port, with a delay of 128 clock pulses. For 9-bit con-
version, signals that can be quantized into 512 discrete levels can be delayed

5See also Section 6.2,
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with a resolution of 1/128 of the delay time (e.g., 2us of 256us, 1s of 128s,
or 2.81° of a sinusoidal ac signal of period equal to the delay time, etc.). FIFOs
can be stacked in parallel for increased bit-resolution, and in cascade for in-
creased time-resolution,
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Tapped Delay Line

This device makes a number of points in the history of a waveform available

simultaneously. It is simply the delay line with an increased number of dis-

crete “chunks” of delay, and readout via DACs at each point. Multiplying
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DAGC:s allow such interesting functions as f(¢) *f(t — 7) to be computed for a va-
riety of values of 7. Hybrid IIR (infinite impulse response) and FIR (finite
impulse response) filters with predictable indicial time responses may be con-
structed by this technique.

Serial Delay Line

For signals that do not require sampling at top speed, a considerable saving
of the cost of FIFOs (or increase in the time-resolution of the delay) can be
achieved by feeding the converted signal into the line serially, using shift re-
gisters for delay, and converting back to parallel information for the D/A con-
version. Required shift register capacity depends on clock rate vs. delay, delay
resolution, number of pickoff points, and length of data words.
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5.7 DIGITAL SERVO CIRCUITS

Most a/d converter designs involve feedback. Thus the very means of conver-
sion implies that the combination of analog-digital interaction and the power
of feedback can yield quite valuable results. A few examples are sample-hold,
peak-detecting, and automatic zero-setting.

Tracking Sample-Hold (A/D Converter)

This circuit, also mentioned in the chapter on sample-holds, is especially use-
ful as a track-and-infinite-hold device. It can acquire the analog signal within
aminimum of 1 count and maximum of 2°! counts, and, upon command, kold
it indefinitely without degradation, providing both digital and analog read-
out. Since it uses an up-down counter, it will track the analog signal at a con-
stant rate (2™ FS per count), and “hunt” between the two digital values that
straddle the analog value, if it remains constant. Hunting may be avoided by
the use of hysteresis, but a lag will be introduced.
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For analog signals without the sharp chianges in slope, the tracking a/d conver-
ter is one of the lowest-cost ways to convert, since it eliminates the need for
a sample-hold. However, its conversion time is variable, which introduces
timing errors in sampled-data systems, since the most-recently acquired value
may represent any value of signal during the interval between interrogations.
Also, its response depends to a'great extent on the amount and type of noise
present. Tracking converters are discussed in Chapter 14.

Digital Pulse Stretcher

For extremely fast-acquisition-very-long hold, this circuit, cdnsisting of a fast
sample-hold and a fast successive-approximation A/D converter will provide
the best results. Both analog and digital outputs are available. For single sam-
ples, if the internal D/A converter’s output can be made available without
slowing conversion, the output D/A shown in the Figure is unnecessary. The
HTC-0300A is kept in sample at all times except during conversion. When
switched to hold, it should have a “head start” of 200ns (acquisition time) for
its transients to die down before the first conversion decision is made. Aper-
ture time is about 6ns with 100-ps jitter.
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Digital Peak-Follower (with Hysteresis)

Similar to the tracking sample-hold, but using an up-counter (a valley-fol-
lower would use a down-counter), this circuit will kold the highest value of
input that it has been able to track. However, to provide a small measure of
immunity to noise, hysteresis makes the circuit insensitive to small changes;
in order for the input to be followed, it must be higher than the stored value
by a preset amount. A similar circuit can be used for valley following, and
two such circuits with digital or analog subtraction will provide peak-to-peak
measurement. As with all circuits employing comparators, care should be
taken to avoid oscillations; AR is a very small fraction of R.
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Automatic Set-Point Circuit

If a circuit under test is to be calibrated from time to time (e.g., each time
some element, perhaps a device under test, is changed), the resetting and the
level to which a test value must be reset, may be adjusted digitally. In the ex-
ample, an output of the circuit must be set to a value equal to a calibrating
value set by high-accuracy standard, DAC-1. The values are compared, and
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a clock increments a counter, which updates a DAC, setting the input that
performs the calibrating adjustment. When the comparator changes sign,
calibration is complete, and the sign change indicates a ‘“Ready”’ condition.
The calibration value is retained until a new calibration cycle is initiated by
resetting the counter and gating the clock.

5.8 AFINALNOTE:
SOFTWARE vs. HARDWARE

The examples given here all involve hard-wired analog-digital circuitry. For
applications in which microprocessors are available, it should be evident that
functions involving memory, control logic, and digital data can be as well (and
more flexibly if perhaps not quite as speedily) handled through the writing
of appropriate microprocessor programs, at the cost of software develop-
ment—and program running time.

Rather than viewing the techniques as competitive, the designer should con-
sider that the three-way tradeoff between analog, hard-wired, and software
approaches provides at least one more degree of freedom for developing cost-
effective instruments, apparatus, and systems. The flexible designer will not
arbitrarily exclude a given approach; on the other hand, the committed de-
signer should know that other alternatives to one’s own predilections do exist
and may, on occasion, prove available to save the day.



Chapter Six

Applications of Converters in
Instruments and Systems

6.1. AUTOMATICTESTING

6.2. DIGITAL SIGNAL PROCESSING

6.3. DISPLAYS

6.4. COMMERCE, INDUSTRY, AND ELSEWHERE

Chapters 1-5 have introduced the basic hardware elements of systems and
equipment that involve converters, shown the basic configurations of data-ac-
quisition and data-distribution systems, and indicated a few examples of the
uses of digital and analog elements in intimate combination.

In the real world, converters are necessary whenever data in analog form must
be processed digitally—or devices that require analog inputs must get their
input data from digital sources. Thus, any instrument, apparatus, equip-
ment, or system involving real-world data is a potential home for one or more
data converters.

This chapter will illustrate a few examples among the plethora of systems and
equipment that have been conceived of or built involving converters. The ex-
amples are drawn from a variety of sources, but they share the ideas, hard-
ware, and circuit structures that have already been touched upon.

The intent is to inform the reader of what has been done, to suggest what can
be done, and to arouse thoughts of what might be done by adding the concep-
tual tools described in this volume to the fund of knowledge and experience
already existing pertaining to the reader’s own field of endeavor. To the digital
expert, it should provide insights into the real-world connection; to the analog
expert, it may suggest ways of doing analog jobs better with digital assistance;
and to the person with much theory and little practice, it should give a more-
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concrete feeling for practical applications of digital techniques in the real
world.

6.1 AUTOMATICTESTING

““Automatic testing of electronic devices has been a major factor not only in the
overall improvement of product quality and reliability, but also in the dramatic
lowering of product costs.”!

—Harold T. McAleer, General Radio Company

Although electronic devices are a major (and in some ways an obvious) market
for electronic testing equipment, their makers and users are by no means the
sole beneficiaries of automatic testing. Anyone whose blood has been tested
recently, has flown safely in a modern jet aircraft, or has an automobile that
has been inspected with modern equipment, has been exposed to the potential
savings (and not just financial) inherent in automatic testing.

The cost savings, both immediate and long term, result from a number of
characteristics of automatic testing:

Human resources are conserved. Fewer persons can conduct more (and more-
thorough) tests of high complexity with minimal training.

Volume. Large numbers of tests can be performed in a short time, including
individualized tests on complex devices and repetitive tests on large numbers
of simple devices.

Reliability and consistency. A well-designed test program will perform iden-
tical tests leading to consistent results, with no aberrations due to misreading,
fatigue, etc. If failure occurs in mid-test and repairs are made, the entire test
cycle can be repeated, numerous times if necessary, with full confidence that
the most recent test has “‘cut no corners.”

Multiplexing of adjustments and readouts. An instrument designed for use in
automatic testing bears little physical resemblance to conventional instru-
ments, since it need have neither binding posts, knobs, readout, nor even
“front panel;” it shares the system’s readout devices; connections and adjust-
ments are made by the system.

Automatic Calibration. Any necessary calibrations, zero adjustments, non-
linear-device compensations, or other predicted allowances, whether of the
test subject, the sensors, or the test system itself, can be made under system
command. Adaptive range-changing can be fully automated.

Measurement statistics. The system can retain in memory the results of all
tests, the results of discrepant tests, and data on specific parameters; it can
number-crunch the statistics and print the results upon request. Yield studies
can lead to product improvements, elimination of sources of repeated rejec-
tions, and prediction or tracing of future failures.

VIEEE Spectrum, May 1971, “A Look at Automatic Testing”
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In short, a well thought-out, well-designed, and well-implemented automated
test facility can reliably perform large numbers of tests, around the clock, on
a ““100%”’ basis, consistently and without tiring, with accuracy and skill, and
with feedback to the designer for the next generation of the product. Skilled
test personnel can be freed for more-creative pursuits because they don’t have
to follow long, detailed procedures for routine manual testing of the ins-and-
outs of complex systems, calibrate instrument dials, interpret go-no-go limits,
and calculate odd ranges.

Then there are the important but less-measurable results, that pay off in
human values as well as dollars-and-cents: the aircraft engine that didn’t fail,
the electrical chassis that didn’t need field repair, the steel rolling mill that
didn’t run away, the hospital patient that survived, the vendor whose reputa-
tion remained consistently high.

6.1.1 USESFORAUTOMATICTESTING

The manufacturer of components, such as integrated circuits, benefits greatly,
because testing is a far-from-negligible cost in the integrated circuits business.
Besides delivering a higher level of acceptable quality to the customer, the
manufacturer also develops more-accurate knowledge of yields and trends,
and can develop specific selection categories for special orders. For the pro-
ducer of high-performance specialty ICs, such as Analog Devices, it is an
indispensable tool. Such devices as laser-trimmed low-offset op amps, high-
accuracy monolithic multiplier/dividers, and—indeed—full-accuracy con-
verters, with resolutions of 12 or more bits, would be so costly as to be infeasi-
ble if manual measurements and adjustments were involved. (Instead, the ad-
ditional cost is a small fraction of the price of the untrimmed unit.)

The user of large numbers of identical components can also benefit: Machines can
be used to weed out discrepant units in incoming inspection; measure, select,
and grade units for different applications (freeing the user from paying the
manufacturer extra to do the same job) and keep comparative statistics from
lot-to-lot and vendor-to-vendor. It may be noted, as a matter of perspective,
that anaverage saving of 10¢ on 100,000 units is $10,000.

The manufacturer of equipment and systems can test subassemblies in-process,
or as received from subcontractors; (s)he can also test completed pieces of
equipment thoroughly. In both cases, the test system can be programmed for
GO/NO at points of discrepancy, and to either reject the device for later evalu-
ation, or branch into a diagnostic mode, to isolate the portion of the circuit
(or perhaps even the component or connection) that is faulty. Repaired units
can be recycled and subjected to the same battery of tests as the new units,
and serialized records of all such processing can be maintained.

Highly complex systems, such as jet aircraft and their various subsystems, can
be tested thoroughly on the ground by a small number of persons in a short
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time, with a high probability of finding any faults, or the discrepancies that
might indicate incipient faults. In addition, the on-board test and monitoring
system can provide warning to the crew (using appropriate media) of anomal-
ous subsystem behavior, provide automatic switching to backup systems,
and, as the electronic portions become increasingly sophisticated, it can per-
form a degree of diagnostic testing, facilitating repair.

6.1.2 INGREDIENTS OF TEST SYSTEMS

For systems that test devices, the test begins with the unit under test. It must
be handled, maneuvered into place, and connected to. Then a stimulus is ap-
plied, and a response must be measured. The response is compared with a set
of possible responses, and a decision is made (accept, reject, grade-and-sort,
perform an adjustment) and communicated (print, store, mark, analyze), and
a new instruction is given (next test, next set of connections, next device, wait
for manual instruction, etc.). An outline of such a system is shown in the block
diagram of Figure6.1.

The simplest devices have two leads (resistors, capacitors, diodes), but most
devices or equipment subject to testing will have many more. For example,
ICs often have more than 20 or 30 connection pads or pins, and printed-circuit
boards subjected to all-node ‘‘bed-of-nails’ testing may have more than 1,200
connection points. The program must call for connecting the appropriate
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Figure 6.1. Testsystem ingredients in typical configuration.
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stimulus generators and power sources to the appropriate terminals, and the
appropriate measuring devices (bridges, amplifiers, etc.) to their appropriate
terminals, and making all opens, shorts, “grounds,” links, etc., as required
for the test step. Some of these may be hard-wired in the adaptor; others must
be called for by software or operator setting. It is absolutely essential that
noise pickup and interference, as well as parasitic effects caused by lead resis-
tance, capacitance, and inductance, be minimized.

A typical flexible, modular architecture employed in general-purpose elec-
tronic component and IC testers is shown in Figure 6.2. The device under test
is plugged into an interchangeable socket board wired appropriately for the
specific type. The socket connects to a socket assembly, wired for specified
conditions; it in turn connects to a pluggable family board, which provides
stimuli, gains, and special functions needed to exercise and test a particular
group or class of devices (e.g., op amps, a/d converters, d/a converters, digital
logic ICs, etc.)

Inside the system housing, the measurement section, which comprises the
measurement card, source card, and digital I/O card, provides program-con-
trolled measurement functions, voltage sources and references, and the digit-
al I/O drivers and detectors required for performing device tests. It operates
from a test-system bus, controlled by a 16-bit CPU. Besides performing the
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Figure6.2. Blockdiagram of Analog Devices LTS-2015 device test system.
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actual tests, the system interfaces with remote automatic handling devices,
printers, and CRT terminals, and communicates locally via an alphanumeric
keypad, operator prompt keys, a display, and one or two floppy-disk
memories.

Conwverters in Test Systems

It may be fairly evident that much of the engineering and hardware cost of
test systems goes into fixtures, switching devices, computers, peripherals,
displays, wiring, and cabinetry. However, since the analog stimuli—and com-
parison-type measurements—are controlled digitally, and the analog re-
sponses must be returned to digital form for processing, it should be evident
that converters and their accessories play a key role in ensuring test accuracy,
speed, and reliability, yet represent but a small fraction of the cost of the sys-
tem. For this reason, it may be false economy to use conversion devices that
are anything but entirely adequate to do the job, or to seek to cut cost corners
by risking marginal performance.

In the system shown in Figure 6.2, the reference system consists of a traceable
temperature-controlled precision voltage reference and a 16-bit-accuracy
12-bit-resolution d/a converter. Figure 6.3 shows how DACs are used in the
measurement section of that tester. Note the use of force-sense (i.e., Kelvin)
connections for both the amplifier output and the ground return to enforce
accurate test voltages at the device under test, irrespective of line drops.

Typical uses of D/A converters in testing include: programmable power
supplies, pulse generators, sweep generators, waveform generators (with ap-
propriate digital inputs). They may be used as offset and gain ““potentiome-
ters’’ in calibration loops, as bridge-balancing voltage sources, and as part of
A/D converters, sample-holds, peak-followers, etc.

A/D converters, either with multiplexing or per-channel, return the measure-
ments to digital form, often after processing by isolation or instrumentation
amplifiers, by op amps as electrometers, and, in some cases, by multipliers,
ratio devices, log devices, and all the other paraphernalia mentioned in
Chapter 2.

An essential decision that must be made is the degree to which analog data
reduction and/or digital signal-processing hardware will be used, as compared
with the performance of similar functions by digital software. This consider-
ation depends on such factors as the amount of number-crunching necessary
and the time available for it, specified accuracies, cost and energy tradeoffs,
as well as the background, experience, and inclinations of the designer. We
suggest that analog-oriented designers not overlook the possibilities of soft-
ware and digital signal-processing hardware for reliable routine computation,
and that digital designers consider the decreasing cost of functions that can
be performed with analog modules and linear integrated circuits at the front
end, and the balance between too much and too little data.
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Much that could be said about system optimization, in terms of getting the
best-possible interference-free measurements of suitable accuracy, has al-
ready been mentioned in several places in this book (for example, Chapters
12 and 22); and test systems are probably the most representative class of de-
sign problems requiring active application of these principles. In general, it
is best to keep the conversion function as close as possible to the analog meas-
urements, especially in applications involving remote handlers.

In component tests, where the lead-runs to the unit-under-test (UUT) are
controllable, as is the local environment, the main sources of interference
arise from the proximity of input, output, power, and logic leads in the vicin-
ity of the test adaptor. In large-system testing, long leads, including multicon-
ductor cables and connectors; the presence of electrical noise (RFI, power line
and switching-transient spikes); and possibly unfavorable environmental
conditions (temperature, humidity, vibration), may combine to make the
measurement problem extremely difficult.

It often turns out that, in the design of large systems, performing tests locally
is an effective way of solving the interference problem, using a local wP-con-
trolled self-contained measurement subsystem (or instrument) that communi-
cates digitally with other such subsystems under the direction of an external
system controller. The IEEE-488 bus structure was designed specifically for
communication of data, instructions, and handshaking in tests involving
sources (e.g., signal generators), measuring devices (e.g., precision volt-
meters), display devices (e.g., printers), and controllers (e.g., keyboard/dis-
play terminals).

6.2 DIGITAL SIGNAL PROCESSING

In this section, we shall discuss briefly the class of digital applications that
involve the generation, transmission, delay, recovery, processing, storage,
characterization, and synthesis of analog waveforms. Conceivable applica-
tions include:

Time expansion, compression, (relative) advance, and delay

Transient storage and recording

Synthesis and analysis of speech and music (and waveforms in general)

Transfer-function synthesis and analysis

Convolution

Digital filtering

Recovery of signals from noise by correlation techniques and fast Fourier
transforms

Scrambling and unscrambling of coded transmissions

Generation of arbitrary signals and transfer functions

Digital methods, especially with microprocessors and digital signal-proc-
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essing chips, can provide a powerful set of tools for dealing with analog func-
tions and the transfer functions that are used to shape them in the time and
frequency domains, as we have suggested in Chapter 5. These methods, and
some components that make them feasible in a reasonable time frame are dis-
cussed briefly in Chapter 21 and at greater length elsewhere.

The key that unlocks the door is the A/D converter, which “freezes” a sample
of the waveform and makes possible permanent storage without degradation.
Thereafter, digital shift registers, multipliers and multiplier-accumulators,
memories, comparators, microprocessors, and control logic can perform a vir-
tually unlimited set of operations digitally at any time (on-line or off-line).

Errors are due to the discrete-time and quantized-amplitude nature of the
sampled signal, and truncation or roundoff errors in computation (where nec-
essary or permitted). If sampling occurs at an adequate rate, if the conversion
has sufficient resolution, and if the computation carries enough significant
bits, there is no loss of information, even though the signal be stored, multi-
plied, integrated, added, subtracted, correlated, or otherwise man(or
machine-)ipulated. Via d/a conversion, the data can of course be returned to
the analog domain and subjected to further processing there, but its attributes
can beretained in digital memory for as long as desired.

Of the circuits and ideas that appear here, some are variations on the basic
theme of the delay line, others are applications of basic digital signal proc-
essing techniques; they represent promising areas of application but are not
necessarily new or original. Their purpose is to unleash the reader’s curiosity
and creativity, in the field broadly encompassed by the title of this section.
We’ve tried to avoid, except where necessary, mathematical particularities
(and the controversies they sometimes engender), since the purpose of this
chapter is only to relate converters to the more interesting applications they
are used in. The field is large enough that a book the size of this volume would
be required to deal satisfactorily with it. '

6.2.1 SHIFT-REGISTER DELAY LINE

The basic tool for performing many interesting functions is the shift-register
delay line—with and without taps—mentioned briefly in Section 5.6, and
shown here again (Figure 6.4) for further discussion. It should be noted that
the delay line need not be an isolatable physical entity—it may be a sequence
of memory locations in a microcomputer, incremented or decremented on ap-
propriate clock pulses.

Suppose the analog signal is a one-shot occurrence, of which m samples have
been taken, the sequencing clock has stopped, and the conversions have
ceased. The signal is now stored in the delay line in digital form, and it will
remain there until it is advanced or cleared or the power has been turned off.
A number of interesting things may be done with the stored signal:
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Figure 6.4. Digital delay line (word- or byte-wide shift register).

Read out into memory

The delay line can be considered as FIFO (first-in, first-out) buffer memory.
The stored signal can be read out of the delay line, a word at a time, and stored
elsewhere in memory, while the line awaits another transient (Figure 6.5).

Readout as an analog signal

The signal can be read out without further processing and converted to an ana-
log signal with a DAC, each sample in turn—but at an arbitrary rate, deter-
mined by the choice of clock frequency. For example, the transient may have
been quite rapid, but it is desired to plot it out on a chart recorder. Or, it may
have been fed into the line slowly (perhaps even keyed in manually and asyn-
chronously as an arbitrary waveform), to be used as a shaped stimulus for an
analog process, and it is to be discharged at high speed. In applications such
as this, digital techniques have a distinct advantage over purely analog
switched-capacitor “bucket-brigade” delay lines, because there is no loss of
accuracy with storage time or cumulative number of sections, hence no result-
ing constraint on either parameter.
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Figure 6.5. Digital delay line as FIFO buffer (transientrecorder).
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Recirculate

If the the data stored in a delay line is fed back repetitively from the output
to the input end of the line (or the first of the memory locations), it becomes
a recirculating delay line (Figure 6.6). The stored signal will then appear at
the end of the line cyclically, allowing the signal to be displayed on an ordinary
oscilloscope. By loading, or “charging”, with an arbitrary or an analytic input
signal (derived from either an analog or a digital variable), then providing
rapid recirculation and D/A conversion, it is possible to create an extremely

wide range of arbitrary repetitive analog waveforms, of controllable repetition
rate and amplitude.
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Figure 6.6. Recirculating delay line.

Perform waveform averaging by addition

If the same message is sent repeatedly but arrives at the converter accom-
panied by (and perhaps “buried in”) noise, it can be recovered by summing
all the versions of the message synchronously: the coherent portions will add
directly with the number of items summed, while the rms noise will tend to
be “averaged out” and will increase only as the square-root of the number of
items. For example, with 100 repetitions, the signal will be increased in rela-
tion to noise by a factor of 10. This can be accomplished with a delay line or
set of memory locations by summing the sample increment of the newest mes-
sage in each position with the sum of the corresponding samples of previous
messages, accumulated in the delay line. Thus, when the second message ar-
rives, its first-position sample is summed with the already-stored sum of the
previous first-position samples; its second-position sample is summed with
the sum of the previous second-position samples; and so forth. Since the origi-
nal messages are presumably identical, while the noise varies randomly, each
iteration adds 1 unit of original signal to each position, while the noise compo-
nents tend to be averaged out.
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In practice, computing the simple sum

n—1

Yr,nszr,i+Xr,n (6.1)

i=1
~ where Y, , = sum of n samples at the rth position, 2, = output of the delay
line (n-1st sample at the rth position), and X, , = input of the nth sample at
the rth position—and averaging it by dividing by n afterwards leads to an
open-ended stored-signal amplitude, which requires a large dynamic range
(wide delay line). Thus some form of normalizing is desirable.

Figure 6.7 shows one scheme, based on the algorithm of (6.2):

Xen— er,n-l

Yr,n = Yr,n—l + au n (6.2)

where Y, , _;isthedelay line’s output (n — 1st sample at the rth position).

At the rth position, this is equivalent to adding the 1/n of the new input to
the previous output, multiplied by (n — 1)/n. Thus, for n = 1, the output,
Y. 1, will be equal to X ;; for n = 2, the output will be equal to (X, ;)/2 +
(X:,2)/2; for n = 3, the output will be equal to (2/3)(X,,;1 + X, 2) + (1/3)X, 3,
and—in general—the output is equal to the average over n inputs; The average
value would be constant for n equal input values at position r. Since all vari-
ables are normalized, it is not necessary to carry large summation values or
perform more than one division.

It is interesting to note that, as n becomes large, for identical inputs, Y, Y,
becomes very nearly equal to Y, ,,.;, because each additional increment causes
little change, being divided by n. For fast results, 1/n can be obtained from
a lookup table? and multiplied by the difference in a digital multiplier-ac-
cumulator, which takes the product and sum.
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Figure 6.7. Waveform averaging scheme, in block-diagram form.

2The size of the lookup table and speed of computation can be minimized by the use of an approximation tech-
nique. See “‘Fast, Simple Approximation of Functions,’’ by Matt Johnson, Analog Dialogue 18-1 (1984),
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Time Compression by Sampling

This application employs a stroboscopic effect to apparently speed up a slowly
varying signal.

In Figure 6.8, a shift register (or set of memory locations), is incremented at
a high frequency, f,, for example 513kHz. The converter is digitizing a slowly-
varying signal at a rate f;. Suppose that: the shift register has 512 steps, the
line is full of previous values, and at a given instant, the 512th sample appears
at the output and is fed back to the input. On the next step, starting the mth
iteration, the a/d converter output, X n,, is fed onto the input bus to replace
the existing value, its previous output, X; 5, 1. The line then advances for 512
steps. On the 512th step, the input is once again X n,; and X, m1 appears at
the end of the line, while X , is ready at the converter output. On the 513th
step, the converter output is fed into the line to replace X5 m.1. X1mand X
are now indexed down the line, and on the 513th step, X3 r, replaces X3 m-1.
By the time 512 conversions have occurred, in real time, each consecutive
sampled signal (including new and previous values) has circulated 513 times,
thus providing a 512-fold speeded-up version of the (for example, 1.96Hz) an-
alog input waveform at the output of the D/A converter, at the equivalent of
Ims per sample.

If each cycle of the analog waveform is identical to the adjacent ones, and if
the clock is synchronized to the analog signal, the output of the DAC, plotted
on an oscilloscope screen, swept at 1kHz, will appear to stand still, plotting
the low-frequency input, but with no flicker. Changes to the input signal, from
iteration to iteration, will appear as progressively appearing changes to the
stationary pattern. Since the compression ratio depends on the time required
for each 511 samples, it is proportional to the clock frequency, which can be
locked in at any convenient value.

fc=513kHzl oscuLATon—]——-qy-»‘ FREQ, DIV. IH%

fs = 1kHz
1kHz
TkHz CONTROL 513kHz
1kHz LOGIC
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]
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44
NEXT SAMPLE: X1, m+1 P
N
TIME COMPRESSION RATIO = & "
fs n+1

Figure 6.8. Time compression scheme, using a circulating delay line.
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Real-Time Correlation

For an input function, f(t), the output of the delay line (or set of memory loca-
tions) over a complete circulation (in compressed time) is a set of values of
f(t — ;). If the successive values are multiplied by the sampled value of
another waveform, g(¢), which, with f(¢), is updated after each circulation, and
if each individual product is averaged with its synchronous counterparts from
previous circulations, as described earlier, the output of the averager will rep-
resent a sample-by-sample cross-correlation of fand g at a real-time rate, de-
layed by the product of the sampling period and the number of samples circu-
lated (Figure 6.9).
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Figure 6.9. Real-time correlation scheme, employing a recirculating delay line and a
waveform averager.

Incremental Delay Line as a Filter
If the delay line consists of a number of sections (or successively incremented

memory elements), and the outputs at the taps are multiplied by arbitrary
coefficients and summed (Figure 6.10), it is possible to synthesize arbitrary
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Figure 6.10. Delay line as a non-recursive filter with programmable real-time response
(small number of sections shown for clarity). if fastest possible speed not necessary,
fewer hardware multipliers are required; a single multiplier-accumulator could be
adequate.
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time-domain responses to steps, pulses, or other waveforms. Since the output
bears a linear* relationship to the input, the resulting transfer function may
provide amplitude and phase responses to other signal forms (over limited
ranges of frequency) that can be expressed by transform integrals but were
once otherwise formally considered ‘““unrealizable.”

In this case, a non-recursive filter, the output is a function of the input only
and is inherently stable. In practice, if the signal is not too fast, a single multi-
plier-accumulator may be programmed to perform all the multiplications and
the summation digitally, followed by a single output DAC, saving hardware.
If the filter’s response is defined in terms of frequency response, instead of
time-domain response, the coefficients—although messy to compute from
scratch—are handily computed by cut-and-dried techniques, such as the
Remez Exchange Algorithm?.

Recursive Filtering

When the output is a function of input only, the number of possible responses
is limited, because—barring the introduction of recursion via an external
feedback system—the output will settle within a finite time after the input has
ceased to vary. However, by using recursion (i.e., feedback) to make the out-
put a function of both output and input, a transfer function that is more gen-
eral and more economically achieved (but more difficult to design and poten-
tially unstable) becomes possible.

Recursion may be achieved by feeding forward (to the output) and back (to
the input) from each tap point via individual coefficient multiplications (Fig-
ure 6.11a). A more elegant scheme uses step by step recursion, employing
cells having identical form, in which each cell has two inputs—a direct and
arecursion input, a delay, two multiply-and-adds, and two outputs, one going
forward—the other going backward—forming a lattice structure (b).

6.2.2 CONCLUSION

Though it has been limited in scope, we hope that this section has provided
the reader with an awareness of the power of digital techniques in signal proc-
essing, just through the use of the delay-line storage model. There are many
more processing tricks available, if one is open to considering digital and ana-
log, hardware and software, alone or in combination.

For use between the input a/d converter and the output DAC or display, the
growing availability of digital components (see Chapter 21) of high complex-
ity, increasing speed, and low cost (e.g., IC multiplier-accumulators and array
processors); plus the availability of large amounts of memory and the possibil-
ity of overall control of the processing by CPUs and stored commands, has

*i.e., if the input is doubled, the corresponding output will be doubled.
3For an example, see Windsor and Toldalagi, “Digital FIR Filters without Tears”, Analog Dialogue 17-2, 1983,
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Figure 6.11. Two types of recursive filters.

made the outlook for analog waveform synthesis, analysis, and processing by
digital techniques extremely bright, whatever the source. Speech, music,
noise, gas chromatographs, electroencephalograms, image data from medical
scans—whether NMR, ultrasound, or X-Ray—and mechanical vibrations are
justafew.

6.3 CATHODE-RAY-TUBE DISPLAYS

In the industrial and scientific world, the close association of computer and
cathode-ray tube provides an unparalleled method for speedy access to stored
and real-time data, programs, and graphics. At the same time, it affords the
opportunity for interactive dialogue with the computer, and through it, the
system under test or control, for the purpose of actually instructing the com-
puter or controlling real or simulated processes in real time. The recent
growth of electron-beam recording (on film negative) poses a serious chal-
lenge to the centuries-old tradition of typesetting, while the ability to use
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computer power to adapt data to the needs of the human operator prior to
presentation makes the computer-CRT display an all but indispensable
combination.

While systems do exist for the sole purpose of display (i.e., monitors), the
more general application of displays is in connection with data-acquisition
systems and interactive systems involving computers. Some such systems deal
with data that is purely alphanumeric by nature (e.g., accounting and word-
processing systems). Others maintain contact with real-world physical vari-
ables through the use of a/d and d/a converters, either directly on-line in real
time, or through recapitulation of data already captured. This category in-
cludes storage oscilloscopes and graphic-display scopes.

Whatever the display’s purpose—or the source of the data—many cathode ray
displays involve the use of D/A converters for generating sweeps, characters,
and vectors, for positioning and intensification, relying on their inherent
linearity, reproducibility, and controllability by entirely digital sources of
command.

Since we are concerned here primarily with display systems that employ con-
verters—with particular emphasis on the way they are used and the factors
of importance in selecting and using them—the number of systems chosen
will be limited and system descriptions will be brief.

The graphic-display oscilloscope can be found in increasingly widespread
use—doubling every few years—in a growing variety of applications that were
just wild dreams (if that) just a few years ago. Today’s displays are character-
ized by high resolution, the promiscuous use of color, and a wide range of
hardware and software options.

In general, a cathode-ray display system consists of a display-processing func-
tion and the CRT hardware, usually integrated into a single package. The
processing function includes buffer storage to hold the information to be pre-
sented for update, the instructions for presenting it, the signals needed to acti-
vate the display elements, synchronization signals, and the digital-to-analog
processing hardware; it may include a refresh memory. The CRT hardware
comprises power supplies, CRT, circuitry for beam positioning intensifica-
tion, nonlinearity correction, and focus.

Representative display techniques include:

TV raster (picture and graphic displays)

Stored-character display, e.g., Monoscope (alphanumerics)
Dot-matrix (alphanumerics)

Cursive: stroke and vector generators (alphanumerics and graphics)
Rotating (PPI)

Reams of material have been written in recent years, debating the pros and
cons of various CRT display systems. There is no “best” system for all pur-
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poses; they must be compared in terms of their advantages and disadvantages
for specific applications.

Even the methods of deflecting the electron beam (or beams, for multicolor
displays) have been subject to discussion. Systems with electromagnetic de-
flection use a magnetic yoke around the neck of the CRT to deflect the elec-
tron stream; systems with electrostatic deflection use voltages applied to sets
of deflection plates built into the tube to steer the beam. Electromagnetic sys-
tems are slower and require more power than electrostatic systems, but they
are cheaper and are widely used in TV-type raster-scan displays. Some sys-
tems use both—for example, electron-beam systems for integrated-circuit
manufacture.

With computer processing, memory, and software widely available at low
cost, computer-controlled displays have become popular in two basic forms:
the vector-refresh (alias random-scan, calligraphic, stroke-writing, or di-
rected-beam) display, which forms X-Y plots of digitally determined points
or digitally programmed line-segments of random length and direction (in
similar manner to oscilloscopes in the X-Y plot mode), and the TV-like raster
scan, which places a large number of closely spaced dots of variable illumina-
tion—and color—along a raster of closely spaced horizontal lines every 1/30
or 1/60 of a second. Although usage of both techniques is growing, raster-scan
is the more popular and growing at a much faster rate. Simplified traces char-
acteristic of the two types of display are shown in Figure 6.12.
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Figure 6.12. Displaytraces compared.

Vector-scan systems move the beam only to those portions of the screen form-
ing the illuminated portion of the pattern, while the beam that illuminates the
raster scans the entire screen, irrespective of the number and location of pixels
to be brightened. In most applications, raster-scan displays use electromagne-
tic deflection (an inheritance from TV circuitry), while vector types use elec-
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trostatic deflection. The former has the advantages of simplicity and low cost;
the latter requires less power, provides better resolution, and can display data
changes with precision. Raster-scan systems are faster if large quantities of
data are changing from frame to frame, while vector scan is often the choice
where definition (i.e., precision and resolution) is important.

6.3.1 BASICSYSTEM

Figure 6.13 shows the generalized system outline for an installation capable
of accepting, processing, storing, and displaying information on a CRT
screen. Conventional business data-processing systems do not normally in-
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Figure 6.13. Display system outline.

volve sensors and A/D interfaces—but do involve other forms of peripheral
data input. A computer game, employing a joystick for cursor position con-
trol, and an air traffic control system, based on radar data, are examples of
ways CRT displays are used for interactive handling and presentation of infor-
mation derived from the analog domain.

Further ingredients of the generalized display system are quite straightfor-
ward. The manual controls provide human interface, enabling the operator
to call for a specific picture (or portion of a picture), to enter new information
into the system, to command new modes of operation, and to initiate different
data-processing and display functions. Bulk storage forms part of the data-
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processing capability; further auxiliary storage is often used for display re-
freshing at high speed to avoid annoying flicker. Control logic interfaces be-
tween computer data and the various peripheral devices, including displays,
memories, communications links, the human operator, data-acquisition cir-
cuits, etc.

Driven to ever-higher scanning speeds to obtain increased resolution without
flicker, the displays require extremely fast information transfer. For example,
in a display with 1280 x 1024 fine structure, there are 1.31 x 10° picture ele-
ments (pixels). At 60 updates per second, each pixel must be displayed in less
than 13 ns, if every data point in the field must be capable of being plotted,
as is the case in raster graphics.

6.3.2 USESOF D/A CONVERTERS IN DISPLAYS

Raster Displays

Raster-scan graphic displays are very much like television pictures (and, in
fact, often use TV hardware): as each vertical sweep scans linearly down the
face of the tube, repeating its course every 1/30 or 1/60 of a second, the elec-
tron beam is repeatedly, rapidly, and linearly drawn across the face of the
tube, forming a large number of equally spaced horizontal scans (lines), dur-
ing which the signal information is modulating the intensity input of the
cathode-ray tube. The major departure from TV is that, in high-resolution
displays, there are many more horizontal lines, and more points per line. As
in TV, the scans are synchronized, so that points brightened at the same time
after the start of each horizontal sweep are directly above one another, and—if
recurring on successive sweeps—will form a vertical line.

Because all points on the raster are scanned on each full cycle, the raster-scan
cannot be as fast and sharp as the calligraphic display, especially for plotting
simple figures; however the synchronization and standard nature of raster dis-
plays make it easier to obtain high-resolution shading, using the intensity gray
scale, and to obtain a very large variety of color mixtures and hues, at low
hardware cost.

One fast d/a converter channel provides intensity modulation for each elec-
tron gun: a single one for monochrome displays, three for color. Figure 6.14
is a block diagram of a typical computer-controlled raster-scan monochrome
graphic display system.

A typical system comprises a MOS random-access memory buffer for storing
display data in digital form, one or more memory controllers for managing
the updating of the display and controlling the refresh cycle of the CRT, and
a programmable microprocessor for generating display graphics and man-
ipulating the image. The entire system operates as an intelligent peripheral
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Figure 6.14. Raster-scandisplay system.

to a host computer; most of the processing associated with image and graphic
display is down-loaded to the graphic subsystem.

If the picture resolution is specified as 1,024 x 1,024, there are 1,024 horizon-
tal lines, each having 1,024 independent dots, and each dot has its own prog-
rammable intensity level; thus, there are 1,048,576 independent pixels. If the
picture on the CRT is to be refreshed 60 times per second, then a new pixel
must appear on the screen at least every 15.8 nanoseconds (exclusive of “‘over-
head time” required for vertical and horizontal blanking during the sweep re-
trace portions of the cycle).

The d/a converter controls the Z-axis of the CRT, to modulate the brightness
of the raster-scan beam. For the example mentioned above, the DAC must
be capable of being updated at the pixel rate corresponding to 15.8 ns; it
should be capable of settling to a new value in less than 10 ns. If a white dot
is being plotted on a black background, the DAC’s output must make a full-
scale transition between adjacent pixels. The resolution of the DAC deter-
mines the number of finite intensity levels available. Typical DACs for this
purpose have resolutions ranging from 4 to 8 bits, corresponding to from 16
to 256 levels of gray scale. For color displays, three memories and three DAC
channels are required, one for each color gun of the CRT (red, green, blue).
Triple DACs in monolithic form are becoming available for the purpose (e.g.,
the AD9702).
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In addition to the programmed levels during the visible portion of the sweep,
the electron beam must be blanked during the retrace. It is also useful to have
an extra-bright level for the cursor in interactive applications. Besides a stan-
dard range of code-controlled intensity output levels, from reference black to
reference white, special-purpose display DACs have control inputs that pro-
duce additional voltages to furnish standard levels of “blacker-than-black’’
for blanking and whiter-than-white for cursors.

Figure 6.15 shows the standard composite intensity waveform over 1 V2 cycles
of the horizontal sweep. The controlled range of the DAC’s full scale span
(— 643 mV) s from reference white (— 71 mV) to reference black (— 714 mV).
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Figure 6.15. Composite DAC output waveform in raster-scan display system.

In the illustration, the intensity over the sweep interval is shown varying from
full white to full black. At the beginning of the synchronized retrace portion
of the cycle, the intensity signal drops to the blacker-than-black “front porch”
(—785mV), and then to the extreme black level (— 1071 mV) during the hoti-
zontal retrace. As the next sweep starts, the intensity returns to the “back
porch” (— 785 mV) and, as the first element of the picture is triggered, to the
controlled range of the DAC. During this scan, the cursor is displayed at the
10% “brighter than white” level (0mV).

Sweeps may be produced either by analog ramps (integrating currents
through capacitors) or by converting staircase outputs from digital counters
to analog via DACs. D/A converters are especially well-suited to vertical
sweeps, for anumber of reasons:
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o Timing, controlled by a clock and logic, is quite precise and uniform.

o Lines are horizontal (analog sweeps have slight tilt).

¢ Line-spacing uniformity depends on linearity, while maximum number of
lines depends on DAC resolution. DACs having 10-bit-or-more resolution
(1024 + lines) and 12-bit linearity (0.0125% linearity error) are readily avail-
able. In electron-beam recording, a 16-bit DAC can provide 4096 lines with
less than 5% spacing error.

e DAC full-scale switching transients are blanked because they occur during
the horizontal retrace interval.

In Section 5.5, a counter-driven D/A converter was suggested as a sawtooth
sweep generator. When used for displays, such schemes can provide highly-
repeatable, controllable, and linear sweeps of arbitrary resolution and
accuracy.

For horizontal sweeps, the requirements on DACs are more severe, and ana-
log sweeps win the cost tradeoff in many applications. For example, to resolve
500 points per line, at 500 lines per frame, at a 60-Hz frame rate, requires that
each digital horizontal step settle well within 100ns, and that there be no
“glitches,” distorting the scan at major transitions and producing vertical
stripes.

Vector Graphics

The general objective in vector graphic displays is to provide a flicker-
less high-resolution presentation of numerical, line-drawing, or pictorial
information.

The usual problem is to start with the spot at a point having a given set of
coordinates (which may be any point arrived at in the course of plotting the
display, or it may be the starting point of a pattern), and plot a line to another
point. A variety of methods have been used employing such analog techniques
as modulating and summing ramps, performing integrations, etc. These
methods, although using complex analog circuitry, are economical of digital
data and resolution.

However, as fast deglitched d/a converters with high resolutions (12 bits and
more) have become available, and as buffer memory becomes denser and
cheaper, there is a trend towards defining all the data digitally and using
point-by-point plotting.

Figure 6.16 is a block diagram of a typical vector-scan display system that
plots point-by-point, using 12-bit DACs for the X and Y axes, and a fast DAC
with coarser resolution to modulate the Z-axis (intensity). To obtain the per-
ception of continuous lines when the display consists of discrete points, it is
essential to use high-resolution d/a converters to drive the X- and Y-axis in-
puts. For example, a pair of 12-bit converters will provide a display of
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Figure 6.16. Typical vector display system.

4,096 < 4,096 bits, or about 16.8 million pixels. With a 21" screen, resolution
of about 0.1 mm would be available.

The high density of available pixels makes it mandatory that only high-resolu-
tion, high-quality “deglitched” DACs be used for plotting the digital data
stored in memory. Any aberration in the DAC output, static or dynamic, can
introduce an error in the output voltage and erroneously position the plotted
point,

Figure 6.17 shows a simplified randomly programmable vector-scan beam
path. The X-coordinate DAC moves the beam left-and-right; the Y-coordi-
nate DAC moves it up-and-down. The beam is allowed to provide continuity
between connected points, but it is blanked when it skips over a dark area.
Errors in positioning in the X or Y direction produce lines with distorting
lumps. D/A converter technology today is sufficiently advanced to ensure that
problems with dc linearity and monotonicity are essentially nonexistent; so
dc characteristics are not a significant source of errors in vector-scan displays.

However, besides high dc resolution, the d/a converters need a few other fea-
tures. First and foremost is speed. The faster the DAC, the more points that
can be illuminated within a given scan (usually 1/30 to 1/60 seconds, to avoid
a flickering appearance). A converter—like the HDD-1206—with 60-
nanosecond settling time for one-bit changes (while plotting a line) is compati-
ble with a 6-MHz refresh rate; and only 2 ps are required for an accurate full-
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scale jump (less time for shorter jumps). Effective plotting strategies would

call for many connected points and only short jumps, when feasible.

But high speed and high resolution are useless if the transition from point to
pointis not clean. A major problem in fast high-resolution DACs is the discon-
tinuity, or “glitch” (Section 3.7), that can occur at major transitions, for ex-
ample, in the one-bit transition from 0111 1111 1111 to 1000 0000 0000. If
the less significant bits turn off faster than the MSB turns on, the output will
swing rapidly towards zero, then rapidly swing back towards the original-
level-plus-one-bit, causing the trace to swing wildly over the face of the CRT
in the course of making that small change. Even at less-significant transitions,

highly visible perturbations can occur.
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Since the glitch is a code-sensitive nonlinear phenomenon, it cannot be simply
filtered by linear techniques. It must first be minimized in duration and
amplitude by designing the switching to be as symmetrical as possible; then
the residual glitch can be eliminated by using a track-hold output amplifier
circuit. When a new value of digital input is latched in, the output circuit
switches to hold to retain the previous value until a time when the glitch can
be expected to have settled out, then switches back to track to acquire the new
value,

The “before” and ‘““after” photographs in Figure 6.18 show the effects of
glitches in a display and the great improvement that can be effected by de-
glitching. (Photos courtesy of The Foxboro Company.)
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Figure 6.18. Effect of “glitches” on a display.

Dot-Matrix Displays

In vector graphics, elements that are repeated—for example, alphanumeric
characters—need not have every point’s complete address stored and traced
out by the master X-Y DACs. Instead, a stored-character dot-matrix can be
employed.

Each character is represented by a matrix of points, e.g., 4 X 7, with each
point that is defined as part of the character intensified, by (for example) a
character trace. The X and Y coordinates of each point of the character are
located at addresses in two ROM’s; the point is addressed by a word consisting
of a format code for the character (e.g., ASCII) and a number from a counter
indicating the order of the point in the writing sequence (i.e., , in x;,y;).

In a typical system using this presentation (Figure 6.19), the outputs of two
high-speed, low-resolution character DAC’s (X and Y) are summed with the
outputs of the main DACs. The main DACs establish the X and Y coordinates
of the position of an index point on the character. The second set of DACs
produce a sequential set of outputs that rapidly move the spot from one point
to the next, dwell, and move on, until the character has been traced out.
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An important advantage of this scheme is that the DACs that produce the
characters need only have fast response (generally considerably faster than the
main DACs), with very modest resolution and accuracy. In addition, the re-
fresh memory needs to store only the character codes, rather than absolute
point locations for each character.

Although 2 and 3 bits served to display the character adequately in the exam-
ple, the D/A converter may have many more bits available for handling other
forms of additive input. It is important to note, though, that the accuracy and
resolution of the positioning DAC must be such that its errors are less than
the relatively weighted value (taking differing scaling into account) of the least
significant bits of DACs whose outputs are summed. Otherwise, overlapping
or uneven spacing may result.

6.4 COMMERCE, INDUSTRY, AND ELSEWHERE

Because A/D and D/A converters were originally developed as computer in-
terfacing devices, used primarily for getting data into and out of digital com-
puters, the casual observer still tends to associate them with computer appli-
cation alone. In reality, as Chapter 5 has demonstrated, A/D and D/A conver-
ters, as components, have followed the operational amplifier out of the com-
puter laboratory and into the industrial world-at-large. But then, too, so has
the computer, also as a component!

The reader who has arrived at this point (after presumably reading all of the
material in Part One) has been exposed to a large variety of circuit configura-
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tions and application suggestions. It would not have been difficult to have
noticed that some of the configurations looked more-or-less alike, though of-
fered from somewhat different viewpoints.

In this section, closing the chapter and Part One, we will show just a few end-
user applications, with the descriptive emphasis more on what they accom-
plish, rather than on how their circuits go together. The reader will not find
anything especially different, from the circuit point of view, but it will serve
as a microcosmic glimpse of end applications of conversion devices in the
workaday world.

The applications include:
Electronic instruments
Medical imaging
Industrial automation
Oil-Well Monitoring

Electronic Instruments

Designers of test and measurement instruments, increasingly using auto-
mated measurement techniques that employ microprocessors, are finding a/d
and d/a converters essential for direct measurements, setting gains, calibrat-
ing, and performing comparisons against standards. Electronic measurement
techniques are used for accurately measuring virtually every conceivable pa-
rameter, including temperature, light, chemical composition, and pressure,
including of course the familiar electrical parameters—as well as the perform-
ance characteristics of electronic equipment.

In performing measurements, an instrument’s sources of error must, as arule,
be significantly less than other error sources in the measurement, or—for test-
ing—in the device being tested. The concern for accuracy becomes particu-
larly essential in the case of key components located within the critical meas-
urement path.

A typical application where converter accuracy is a key to the desired meas-
urement accuracy is found in sweep oscillators for wide-range testing of radio-
frequency equipment. For example, Figure 6.20 is a simplified block diagram
of Hewlett Packard’s Model 8340A synthesized sweeper, a wP-controlled
sweep generator that uses frequency synthesis techniques to generate signals
ranging in frequency from 10 MHz to 26.5 GHz. Its output frequency can be
swept over ranges up to the full frequency range of the instrument, making
itadaptable to a wide variety of applications.

The value of the YIG-tuned output frequency range and offset, determined
by the microprocessor, is established by a tuning voltage derived from an ana-
log signal from a sweep-generator board and applied to the frequency
generator. At the heart of that board (Figure 6.21) are three d/a converters—a
10-bit converter to control the gain of an integrator-generated sweep ramp
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Figure 6.20. Synthesized sweeper using DACs to control the instrument’s tuning
voltage.

(x 8 and X 64 gain switching provide an overall gain range of about 64,000);
and a 12-bit (master) and an 8-bit (vernier) converter, used together—with
2-bit overlap—to provide an offset range of 262,000 values.
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Figure 6.21. Sweep scaling and offset circuits condition the sweep ramp before it is
sentto the frequency generator.

Medical Imaging

Since the time that German physicist Wilhelm Conrad Roentgen first per-
formed his historic x-ray experiments in the late 1800s, medical innovators
have sought continuously to increase the effectiveness of medical imaging
methods for clinical diagnosis and therapy. Recent advances in imaging tech-
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nology have provided diagnostic tools that are faster, safer, and more effective
than ever before. In the area of x-ray technology, one of the most impressive
recent developments is computerized axial tomography (CAT).

Computerized axial tomography 1s a technique for taking cross-sectional x-ray
pictures of the body in planes perpendicular to the body’s vertical axis.

Standard x-ray picture techniques, using photographic film, can diffuse x-ray
energy throughout large portions of the body, including areas outside the area
of immediate interest. The cumulative dosage over many pictures can be
harmful to the patient. In addition, it is often difficult to interpret the pic-
tures, because structures casting heavy shadows may be aligned with and
block the images of other tissues that are of interest. This situation can be to
some extent ameliorated if pictures could be taken from several different an-
gles and then superimposed, eliminating redundant information, but the
many pictures sometimes required could call for intolerable dosages of x-ray
energy.

CAT scanning is a system approach that accomplishes the superposition of
multiple images electronically, with considerably less irradiation of the pa-
tient—especially in portions of the body outside the area of interest. The
major elements of the system are shown in Figure 6.22.
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Figure 6.22. A/D conversion is the key to the effectiveness of CAT scanners. Once in
digital form, the data can be processed to provide high-resolution pictures of cross-
sections of internal body structures.

The x-ray source is mounted on a rotating cylinder within a large gantry, and
the patient’s body is centred within the cylinder. This positioning allows each
successive exposure, measured with a set of sensitive x-ray receptors, to ob-
tain data that can be accumulated and processed to produce a cross-sectional
picture, or ‘“‘slice,’’ of the patient.

The scanner takes a picture in its initial position; the rotating cylinder, with
source and receptors, is rapidly repositioned by 2° or 3°; a second picture is
taken, and the process continues for a full 180°, requiring from 1 to 5 seconds
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for the complete cycle. After each “slice,” the movable bed on which the pa-
tient is lying is incrementally advanced to a new position in the gantry. This
allows multiple cross-section views to be stacked to form a three-dimensional
picture of the part of the body being examined.

The analog data—collected by the receptors—for each picture are applied, via
logarithmic amplifiers, to analog-to-digital converters. These converters
often have 14 + bits of resolution and perform the digitizing function in 5 to
15 microseconds. The number of bits is dictated by the need for a wide dy-
namic range in order to observe small differences in image density that may
be important in diagnosis.

After each 180° scan, the signal processor assembles the completed picture;
it starts by noting the intercept points of the most dense tissue at each of the
stopping points in the scan. Cross-correlation of these points allows the com-
puter to assemble an extremely accurate picture of the interior of the body.

In addition to CAT scanning and various other approaches to medical imag-
ing, there are many other occasions for data acquisition and conversion of real-
world signals in health-care equipment, including patient-monitoring equip-
ment, blood and body-fluid analysis systems, and other systems tht require
measurements of such variables as body temperature, blood pressure, tissue
structure, body chemical composition, and fluid flow.

Industrial Automation

Factory automation systems link automated, computer-controlled produc-
tion- and materials-handling equipment with sophisticated communication
networks. The continued viability of major segments of manufacturing indus-
tries worldwide will be dependent on the further development and implemen-
tation of factory automation products that assist in increasing productivity
and quality, as well as lessening hazards in the workplace.

The current high level of interest in robotics technology is a direct result of
the increased industrial manufacturing productivity it promises. Worldwide
sales of industrial robots were expected to grow more than sixfold between
1983 and 1990.

Industrial robots are “intelligent”” machines capable of independently per-
forming various types of programmable factory tasks. They simplify many re-
petitive operations, such as sorting, inspection, and assembly, by putting
those tasks under microprocessor control.

Typically, robots are required to perform two major types of tasks: those in-
volving some kind of sensing, and those involving some form of locomotion
or actuation. Whether the robot arm holds a drill, an arc welder, or a spray
painter, the basic operation is the same: the robot must sense the object it
needs to work on, it must locomote to that object, and it must quickly and
efficaciously drill the desired hole, execute the desired weld, or coat the ap-
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propriate surface with a desired thickness of paint. Throughout this process,
there is a feedback loop, which enables the robot to check its performance
against the specified parameters. To effectively interface with its factory envi-
ronment, the robot must operate with a very high degree of precision.

For example, the Mitsubishi Electric RW-1A is an arc-welding robot that has
virtually the same manipulative ability with arc-welding tools as the human
hand. In addition to the problem of positioning the arm, the robot must also
maintain a desired profile of welding current. The welding current is sensed
and converted to digital by a welding current sensor (Figure 6.23), using a
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Figure 6.23. A 12-bit integrated-circuit ADC is used in the welding current sensor in
monitoring and control of the robot’'s welding arm.

12-bit ADC, and the computer digests this feedback information and provides
the adjustments necessary to maintain the specified values of current.

In addition to robotics, aspects of industrial automation providing oppor-
tunities for conversion devices include batch and continuous process control,
and automatic inspection and test equipment.

O1l-Well Monitoring

High energy costs and growing concerns over the limits of the world’s energy
sources have led to the increasing use of automation as a means of using exist-
ing resources more efficiently and economically. This is especially true in the
petroleum industry, where automation is being applied to all phases of pro-
duction—recovery, refining, and distribution.

“Recovery” refers to the means by which oil and gas are brought to the surface
once a producing well has been drilled. In most fields, the earlier wells pro-
duce by natural flow—that is, the initial pressure within the well is sufficient
to cause the oil to flow to the surface without assistance. However, heavy
crude oil does not flow readily at normal subterranean reservoir temperatures,
and, as more oil is pumped from the ground, the pressure and natural flow
of the well decrease. Natural recovery techniques are no longer effective for
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many of the mature oil fields in the United States; unenhanced processes typi-
cally recover only 15-30% of the oil in place.

The industry’s push for increased production has led to enhanced oil recovery
(EOR) projects, in which reservoir temperatures are raised through the use
of steam injection. EOR is quite costly, so it is essential that field equipment
be capable of effectively monitoring the pressure, temperature, and flow rates
of the injected steam and the resulting fluids, to achieve the most efficient use
of available material and economic resources. In the case of remote well sites,
field equipment must also be capable of transmitting the data to a central loca-
tion for analysis and control of the recovery operation.

As an example of this, a producing division of Texaco implemented remote
monitoring on an EOR project involving 13 sites located more than 1 mile
from the central computer. They wanted equipment at each well that could
measure a broad range of critical parameters, and then convert the analog data
into digital form for radio transmission back to the central computer. The
means of performing the multiple-channel data acquisition—and remote con-
trol—was an integrated single-board measurement-and-control subsystem
(see Table4.1and sections 4.1.6and 4.3.3).

As Figure 6.24 shows, at each remote site, a wMAC-4000 accepts real-world
signals from various sensors, such as thermocouples, flow meters, and pres-
sure gages. These signals are filtered, amplified, and otherwise conditioned,
then converted to a format which may be transmitted. Upon request from the
host computer, the wMAC-4000 sends stored data via radio waves to the cen-
tral location. Here, the data undergoes additional processing and analysis be-
fore the information is presented by the computer in printout form. If an en-
gineer’s review of the printout suggests that an adjustment in the EOR process
is desirable, instructions can then be sent from the central computer back to
the M AC-4000, which will issue control commands to the appropriate valves
and motors.
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Figure 6.24. An integrated measurement-and-control subsystem provides effective
monitoring of the enhanced oil-recovery process, ensuring efficient resource
allocation.
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The need for computer-aided measurement-and-control solutions, which in-
volve conversion, in all levels of integration—from signal conditioning and
conversion to complete stand-alone measurement-and-control systems, re-
plete with field sensor connections and sophisticated software—exists wher-
ever there is a need for an interface between the real-world process being
measured and the information system. Applications for such subsystems in-
clude, not only energy conservation and development, but industrial process
control, machine control, product test, laboratory research and development,
and much more.



